Fundamental structural aspects of crystalline lactose polymorphs by Kirk, Joanne H
Loughborough University
Institutional Repository
Fundamental structural
aspects of crystalline lactose
polymorphs
This item was submitted to Loughborough University's Institutional Repository
by the/an author.
Additional Information:
• A Doctoral Thesis. Submitted in partial fulﬁlment of the requirements for
the award of Doctor of Philosophy of Loughborough University.
Metadata Record: https://dspace.lboro.ac.uk/2134/12527
Publisher: c© Joanne H. Kirk
Please cite the published version.
 
 
 
This item was submitted to Loughborough University as a PhD thesis by the 
author and is made available in the Institutional Repository 
(https://dspace.lboro.ac.uk/) under the following Creative Commons Licence 
conditions. 
 
 
 
 
 
For the full text of this licence, please go to: 
http://creativecommons.org/licenses/by-nc-nd/2.5/ 
 
University Library 
•• Lo,!ghh.orough 
.,Umverslty 
Author/Fillng Title ..... .K.!.B.~.\ ... T.· ... H. ................ .. 
........................................................................................ 
T Class Mark .................................................................... . 
Please note that fines are charged on ALL 
overdue items. 
0403694515 
11111111111111111 Illll" I I 11 11111111 11111 
--
I 

Fundamental Structural Aspects of Crystalline Lactose Polymorphs J. H. Kirk 
Fundamental Structural Aspects of 
Crystalline Lactose Polymorphs 
Joanne H. Kirk 
A Doctoral Thesis 
Submitted in partial fulfilment ofthe requirements 
for the award of 
Ph.D of Loughborough University 2007 
Ig Loughborough 
., University 
Dale 7/ s-tOCf 
------------~--~~~------~I o~~ ~ i 
I\~: O~D3b4_;_~\ 
Fundamental Structural Aspects of Crystalline Lactose Polymorphs J. H. Kirk 
ABSTRACT 
Excipients are used in pharmaceutical formulations as fillers and drug carriers. 
Their successful function is inextricably linked to their physicochemical 
properties and, in turn, these properties are directly related to their structure. This 
thesis is concerned with the structural and spectroscopic characterisation of a 
selection of excipients by powder and single crystal X-ray diffraction, Raman and 
IR spectroscopy and MASNMR and an investigation of their stability as a 
function of temperature, humidity and particle size. 
As well as being a well-known excipient used in the pharmaceutical industry, 
lactose is also a common food additive. The diverse usage of lactose has led to a 
wealth of contradictory information relating to both structure and properties of 
this material. The first part of experimental work in this thesis identifies the four 
real lactose polymorphs; the naturally occurring a-lactose monohydrate; the 
anhydrous stable form of a-lactose; the hygroscopic unstable form of a-lactose; 
and the anomeric equivalent, p-Iactose using powder X-ray diffraction. The work 
shows that anhydrous lactose formed by solvent dehydration often termed aM is 
simply the anhydrous stable form of a-lactose formed via a different route. 
Simple methods for discerning between the polymorphs using standard laboratory 
equipment are suggested. IlC MASNMR data were collected on all four forms of 
lactose for the first time and illustrate key differences between the four structures. 
Single crystal data were successfully collected on the a-lactose monohydrate and 
refinement carried at low temperature to determine the hydrogen bonded 
arrangement for the first time. Rietveld refmement of the hygroscopic unstable 
form of a-lactose using in-situ temperature resolved X-ray diffraction has shown 
that the hygroscopic form can be produced as a single phase. Refinement of P-
lactose using the Rietveld method has shown that powder diffraction data were 
comparable with single crystal data, with respect to structure refinement but 
attempts at both crystallisation and refinement of the stable anhydrous a-lactose 
polymorph were unsuccessful due to the complexity of the structure. 
Powder X-ray diffraction analysis was shown to be an effective tool in the 
quantification of mixed phase lactose samples with respect to both mixed phase 
stable anhydrous a-lactose and a-lactose monohydrate; and mixed p-Iactose and 
a-lactose monohydrate samples. The accuracy of the technique was determined to 
be at least 5%. Quantification was carried out using relative intensities of a well 
resolved unique reflection for each phase within the system. 
Dehydration techniques applied to lactose were applied to other hydrated 
pharmaceutical sugars; trehalose dihydrate and raffmose pentabydrate. Solid state 
techniques; powder X-ray diffraction, Raman and IR spectroscopy; showed that 
discrimination of other sugar hydrates became more complex with increasing 
levels of hydration. 
Keywords: polymorphism; lactose; powder X-ray diffraction; Raman; FT-IR; 
quantification; structure; MASNMR; particle size 
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1.1 Introduction to Polymorphism 
Polymorphism is the term given to the phenomenon where a material can exist in 
more than one form in the solid state. The modification in form usually comprises 
a change in molecular or atomic arrangement within the unit cell (Figure 1.1). 
Form A (Phase J) Form B (Phase 11) 
Figure 1.1 A schematic diagram of molecular packing of two polymorphs of the 
same material 
Polymorphism is observed in both molecular and ionic compounds as well as in 
elements. Polymorphism in elements, for example the graphite and diamond 
forms of carbon (Figure 1.2); or white, red and black phosphorus, is referred to as 
allotropy. 
r"'" 
---
-, 
---
r-' 
-, 
,....... 
\...-
-
GJ'1Iphlte Diamond 
Figure 1.2 Allotropes of carbon 
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The existence of polymorphism, a consequence of both thermodynamic and 
kinetic behaviour of materials, results in the exhibition of different 
physicochemical properties, such as solubility, melting point and stability of 
molecular/ionic compounds with the same empirical formula. These differences 
necessitate the fundamental characterisation of material structure and properties in 
order to ascertain the feasibility of a material for its intended use in areas, such as 
the pharmaceutical, food and dyes and pigments industries. 
Part of this thesis is devoted to the investigation of the commonly used 
pharmaceutical excipient, lactose. Whilst it may be debated by polymorphism 
purists that lactose poly morphs are not, by some definitions, true poly morphs, the 
term is well associated with lactose within the pharmaceutical industry and 
therefore is used in this context to describe the different forms of lactose. The foci 
of the presented work are the structural aspects of lactose polymorphs, the 
conditions that produce them and the influence that they have on each other 
within a system. The aim of the work is the discrimination of different forms of 
lactose, described in the context of pharmaceutical applications, and the 
clarification of a numbers of years of contradictory literature. 
Before the term polymorphism may be applied to a material , it is important to 
note that the term which is widely researched across both academia and industry 
has had many different definitions attributed to it. Even almost 190 years after the 
phenomenon was first observed, ' there is still debate as to its singular definition. 
1.2 The History of Polymorphism 
The first discovery of the phenomenon of polymorphism is accredited to the 
German chemist Eilhard Mitscherlich.' In 1819, whilst researching the newly 
developed law of isomorphism,2 Mitscherlich observed that dihydrogen 
phosphates were able to crystallise in more than one form. 
Akin to a vast number of poly morphs the first occurrence was observed 
completely by accident but it prompted a vast amount of on-going research into 
the phenomenon. Currently, one of the most common statements encountered 
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when reviewing the literature on polymorphism is that made by WaIter McCrone 
in the 1960's:3 
"It is at least this author 's opinion that every compound has 
different polymorphic forms and that, in general, the number of 
forms known for a given compound is proportional to the time and 
money spent in research on that compound. " 
In 1965 McCrone defined the phenomenon of polymorphism as a solid crystalline 
phase of a given compound resulting from the possibility of at least two different 
arrangements of the molecules. 
The relatively simplistic reasoning, determined by McCrone in the 1960's, 
emphasised some of the foundations on which the majority of work has 
developed. In an area of chemistry that has had much work dedicated to it, and 
numerous definitions attributed to it, this statement is still referred to in numerous 
publications and bodies of work. For example, it has recently been used in a 
comprehensive review of polymorphism in molecular compounds by Bernstein in 
2002.4 
McCrone 's definition was simplified further in 1969 by Rosenstein and Lamy5 
whose explanation of polymorphism as a substance that can exist in more than 
one form, was fa lsely adapted by Burger in 19836 who confused the concepts of 
crystal lattice, the systematic symmetrical network of atoms within a crystal, with 
crystal structure, the arrangements of atoms of a material in the solid state (Figure 
1.3). Burger defined a polymorph as a solid which can exist in different crystal 
lattices. Contrary to this definition, it is generally accepted that polymorphism 
occurs in a material due to differences in crystal structure. These differences do 
not necessarily need to be associated with a change in crystal lattice. The subtle 
differences between the crystal structure and crystal lattice were seemingly 
unnoticed by a number of research groups, for example Wood in 1997,7 therefore 
the misconceptions surrounding polymorphism, continued to evolve. 
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~ Different c=) 
crystal structures 
J. H. Kirk 
e.g. Calcium Fluoride 
Figure 1.3 A crystal lattice versus a crystal structure. Two compounds which have 
the same face centred crystal lattice do not necessa rily have the same crystal 
structure 
The evolving definitions of lactose have been complicated further by a number of 
different naming conventions. Polymorph nomenclature is often dependent on the 
chemistry discipline with no clear indication of which is the most appropriate. 
1.3 Nomenclature of Polymorphism 
The nomenclature of polymorphism is observed to vary between both academic 
disciplines and industrial sectors. Examples of nomenclature used include: 
assignment of Roman numerals, I, 11 , Ill .. ; assignment of Greek letters, a, p, 8, y .. ; 
or alternatively a description or unique name such as those given to mineral 
polymorphs. 
The assignment of Roman numerals to polymorphs was first suggested by 
McCrone in 1965.3 Roman numerals would be assigned to system in the order of 
discovery with McCrone suggesting that polymorph I would be the most stable 
form. The kinetics of polymorphs, however, outlined by Ostwald ' s Rules (section 
1.9) suggest that the first polymorph of a system was not always the most stable, 
thus adding to the confusion. 
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The proposal of the addition of melting points to the Roman numeral convention, 
first suggested in 1954 by Kofler and Kofier,8 was supported by McCrone as a 
way of clarifying poly morphs but this convention was not taken up as general 
nomenclature. The use of melting points, whilst giving thermodynamic 
indications, is open to variabi li ty due to the number of methods used to determine 
those melting points. 
Roman numerals are a common naming convention within the pharmaceutical 
industry, with particular reference to active pharmaceutical ingredients (APls). 
Examples of these are the polymorphs of paracetamol (N-( 4-
hydroxyphenyl)ethanamide), the structure of which is outlined in Figure 1.4, 
which were given the terms Phase (or Form) I, II and III (section 1.8). 
HO 
Figure 1.4 Structure of paracetamol 
Examples of Greek nomenclature are observed in both organic and inorganic 
polymorphs. An example of inorganic ionic polymorphism is given by the forms 
of bismuth(IIl)oxide (Bi20 3). Bismuth(IIl)oxide has four known temperature 
related structures given the names a-, /3-, /i- and y-Bi20 3 (Figure 1.5). Both (l- and 
/i-Bb03 are stable polymorphs with the /3- and y-Bi203 being metastable, formed 
on cooling /i-Bi20 3.9 
Other examples of poly morphs which have been gIven Greek nomenclature 
include the pharmaceutical excipient D-mannitol (Figure 1.6). It is well known 
that D-mannitol has at least three polymorphs. 1o These polymorphs have been 
assigned as a-mannitol , /3-mannitol and /i-mannitol. Research by Kim, Jeoffrey 
and Rosenstein 11 also introduced the possibility of a fourth polymorph, K-
mannitol , but it has since been shown that this structure, introduced in the 1968, 
has the same structure as the a-mannitol form . 10 
6 
Chapter 1: Introduction 
Body Centred Cubic 
q - goo 
< 
J. H. Kirk 
• Tetraaonal 
a t e; u - 900 
I Ji-B iz0 31 
Figure 1.5 Temperature dependent polymorphs of Bi,OJ 
To add to the confusion of polymorph nomenclature, Burger et at. 12 have reported 
the poly morphs of D-mannitol with the names Phase I, [J and III , corresponding to 
~- , a - and cS-mannitol respecti vely. This example of the non convention of 
nomenclature outlines the importance of thorough investigation of past research 
when developing polymorph characteri sation data, to avoid confusion. 
OH OH 
OH 
HO 
OH OH 
Figure 1.6 Structure of D-mannitol 
It should be noted that, with respect to this thes is and the lactose structures it 
outlines, reference to a- and ~-lactose are named as such from their anomeric 
determinations rather than those of polymorph nomenclature (chapter 3). 
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Descriptive or naming nomenclature, as previously discussed, is usually assigned 
to inorganic structures, such as minerals. These names are unique to their 
structures and are easily recognisable. Examples of these are the polymorphs of 
calcium carbonate; calcite and aragonite. 
Calcite Aragonite 
I (Rd - O;BI_ -C;C ...... -Ca) I I (Red - 0; Black - Cj Blut - Ca) I 
Figure l. 7 Structures of examples of calcium carbonate polymorphs 
The nomenclature used for polymorphic structures is complicated further by the 
introduction of solvents and hydrates into a polymorphic system. There has been 
much debate as to whether the inclusion of small molecules into a crystal structure 
constitutes polymorphism and in an attempt to set boundaries and guidelines, the 
theory of pseudopolymorphism was introduced. 
1.4 PseudopoJymorphism 
Although the definition, accord ing to McCrone, may appear simplistic the actual 
concept of polymorphism is one of great complexity. Over the years in which 
scientists have dedicated research to the concept it has evolved and de-evolved 
several times. One example of this is the use of the term 'pseudo-polymorphism'. 
The term was initially introduced to explain differences in structures due to the 
inclusion of hydrate or solvate molecules.4.IJ .14. 15 Some scientists argued that the 
inclusion of a different molecule, by definition, alters the chemical composition of 
a material, as well as the crystal structure and therefore did not equate to 
8 
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polymorphism, whi lst others justified the inclusion of hydrate or so lvate 
molecules. 16, 17 Understanding the subtlety of the subject gave va lidity to the use 
of the term but a handful of research scientists were uncomfortable with it, with 
the general consensus that it led to even more confusion. For example, as so lvent 
environments could be used to produce polymorphs of materials, what defined the 
di ffe rence between a solvent which produced a polymorph and a so lvent which 
produced a pseudopolymorph? 
In 1982, Byrn 18 endeavoured to clarifY the defin ition of pseudopolymorphic 
solvents by stating that a solvent which, if removed and then reintroduced to the 
crystal, did not alter the structure should be defined as a pseudopolymorphic. 
Those which had a detrimental effect on the crystal lattice and therefore altered 
the structure with the removal and addition of those solvents should be classed as 
polymorphic. 
Polymorphic 
Solvent Material X 0 0 00 Phase IT o 0 G · O• O• ~ ••• Oa Oa O aa 
••• .0.0. • •• 
•• Intermediate Material X 
••• ••••• • •• Material X cv=> •• •• • W •• 
Phase I • • • • • • •• 
•• •  • Material X 
Pseudopolymorphlc • Phase I 
Solvent 
Figure 1.8 An example of the difference between polymor phic a nd 
pseudopolymorphic solvents. 
This gave a little clari ty to the situation (F igure 1.8) but the subject is still open to 
debate. Regardless of individual scientific opinion, many papers reference 
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pseudopolymorphism and the chemistry identified by the term and it is 
particularly prevalent in the pharmaceutical industry, which has largely accepted 
the term with respect to both characterisation 19,20 and production processes.2 1 
1.4.1 Practical Implications of Hydrates and Solvates 
From a patent stand point, hydrates and solvates appear to have as much validity 
as polymorphs and anhydrous materials. The pharmaceutical industry, for 
example, files separate patents on the same molecular active compound with 
different levels of hydration, in a fight to maintain patent rights with the 
understanding that, as different poly morphs with different physicochemical 
properties, they are technically protecting different materials. 
In examples such as that of lactose, where a hydrate is the naturally occurring 
form, it is yet to be determined whether this form is classed as a polymorph or not. 
In the case of lactose, it is observed that inclusion of water molecules is only 
possible within the a-lactose form and not in the ~-form. The reason for the a-
lactose exclusivity, with respect to hydration, is due to molecular arrangement. 
The difference in molecular arrangement within the crystal structures of a- and ~­
lactose will be discussed in future sections (chapter 4). 
1.5 Disappearing PoJymorphs 
The understanding of crystallisation behaviour is still the subject of much 
research. As with all complex subjects, just at the point where all the questions 
have apparently been answered, a series of occurrences happen and generates a 
completely different set of questions. To this end, polymorphism is no different, 
with the frustrating observation of 'disappearing polymorphs'. 
In a revIew of this phenomenon,22 Dunitz and Bemstein gave a number of 
examples of unrepeatable polymorphism and the research groups who had 
encountered this. Woodward and McCrone23 described several cases, as did Webb 
and Anderson/ 4 who quoted, with reference to disappearing polymorphs: 
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'Within the fraternity of crystal/ographers anecdotes abound about 
the crystalline compounds which, like legendary beasts. are 
observed once and then never seen again. • 
A relatively apt analogy, if a little poetic, that was criticised by the pragmatic 
thinking of Jacewicz and Nayler25 who stated that any authentic crystal forms 
should be capable of being re-prepared under the right conditions. 
Regardless of personal opinion, there is no doubt that the phenomenon exists and 
that it brings with it, even in a technologically and scientifically advanced age, a 
barrage of yet to be answered questions. 
Figure 1.9 Structure of JI-tetraacetylribose 
Some of the examples of disappearing poly morphs, date back to the mid 1940's, 
with the much researched organic intermediate 1,2,3,S-tetra-O-acetyl-p-D-
ribofuranose, commonly known as tetraacetylribose (Figure 1.9), a compound first 
prepared by Howard, Lythgoe and Todd 2 6 
In convoluted sets of experiments, In different laboratories, on different 
continents, physical characteristics of this material would be different in different 
laboratories. In some cases, differences in melting point, for example, were 
observed within the same laboratory at different times. The general trend, 
cormected with this compound, was the observation of a different polymorph that 
intrinsically inhibited the formation of the initial polymorph, regardless of the 
level of crystal contact, resulting in the non-repeatability of the initial structure. 
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Another example of a disappearing polymorph was found during the production 
of the disaccharide melibiose (Figure l.l0).27 A similar trend was noted for this 
material as for the last example; the presence of one polymorph, inhibited the first 
and in essence, halted all production of that initial polymorph. 
OH 
, OH 
o 
OH OH 
o ,0 OH 
, 
HO OH 
OH 
Figure 1.10 Structure of melibiose 
The melibiose production can be used as an example of why it is important to 
characterise all materials during production of materials. Unexpected polymorphic 
transformations may occur spontaneously during production processes and it is 
important to identifY such processes for the purpose of reproducibility. 
1.6 Polymorphism versus Isomerism 
A polymorphic system can be described as a system that contains crystals that are 
different in the solid state but identical within solution or vapour states. However, 
the classes of materials that are covered by the definition are still open to debate. 
In an attempt to clarify that which constitutes a polymorphic system, it is 
important to identify, with particular reference to organic polymorphs, systems 
which mayor may not be covered by the definition. 
1.6.1 Dynamic Isomerism and Tautomerism 
Tautomerism is the interconversion of molecules caused by the migration of a 
proton from one atom to another. A common example of tautomerism is that of 
the keto/enol system, outlined in Figure 1.11: 
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Figure 1.11 Tautomeric keto/enol relationship 
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The spontaneous interconversion of dynamic isomers results in a chemical 
equilibrium from two materials that have different chemical properties. This is 
also true of poly morphs. The difference between dynamic isomers and 
poly morphs arises when considering that even when the equilibrium occurs, akin 
to polymorphism, the molecular composition of tautomers and dynamic isomers 
still differ from each other with respect to intramolecular bonding. 
Another difference arises between dynamic isomers and poly morphs when 
considering the melt. Long standing definitions of polymorphism state that true 
polymorphs are indistinguishable in the melt whereas dynamic isomers wi ll have 
different compositions. However, a system where two dynamic isomers have 
different melting temperatures, and hence exhibit different melts, can still be 
described as polymorphic when there is a rapid interconversion and equilibrium 
between two polymorphs. This is another example of the complexity of the 
concept. 
The term ' rapid interconversion' is important in defining polymorphs. Dunitz28 
emphasised that 'slow interconversion' would lead to differently defined 
compounds in the melt and hence, not fit polymorphism by definition. Of course, 
the phrase is open to interpretation as the rate at which ' rapid' is applied is never 
defined. 
1.6.2 Conformational Polymorphism 
According to McCrone, the definition of a dynamic isomer is a material that 
involves chemically different molecules which are ' more or less readily 
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convertible in the melt state. ' The fundamental differences between two 
polymorphs occur in the solid state with these differences disappearing in the 
melt. For this reason, McCrone omits dynamic isomers from the definition of 
polymorphism but does include the theory of conformational polymorphism. 
Conformational polymorphism is the concept whereby flexible molecules adopt 
different conformations in different crystal structures which include, with 
particular reference to this body of work, anomeric equivalents of the same 
compound. 
1.6.3 Structural Isomerism 
Structural isomers are two compounds that have the same empirical formula but 
different atomic arrangement within a molecule. A simple example of this are the 
organic compounds ethanol and methoxymethane (Figure 1.12). 
Structural isomers are not, by general definition, polymorphic. There is no 
interconversion between structural isomers, a factor required of conformational 
poly morphs (section 1.6.2) and in order to produce one structural isomer from 
another, bonds have to be broken. Structural isomers can not be made each other 
by a simple rotation of bonds. 
Ethanol ~ethoxyIDethane 
Figure 1.12 Example of Structural Isomerism: ethanol and methoxymethane both 
have the same empirical formula (C,H60) but different atomic arrangements 
(C-grey; 0 - red ; H - white) 
1.6.3.1 Diastereoisomers 
In contrast to structural isomers, diastereoisomers are molecules that exist with the 
same atomic connectivity but that have a different spatial arrangement, with 
14 
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particular reference to the n:-bonds of organic structures. Simple examples of 
diastereoisomers would be cis and trans 2-butene. 
H 
H H 
trans (E) cis (Z) 
Figure 1.13 trailS and cis isomers of2-butene 
In systems where more than one functional group is associated with a double bond 
and hence the spatial arrangement is more complicated, diastereoisomers adopt 
the notation Z and E, corresponding to cis and trans configuration, respectively. 
Diastereoisomers cannot be classed as polymorphs of each other due to the lack of 
interconversion between them. Each isomer can, however, exhibit a set of 
poly morphs. An example of this would be the trans isomer of the API (2)-2-[4-
(I ,2-diphenylbut-l-enyl)phenoxyJ-N,N-dimethyl-ethanamine, commonly known 
as tamoxifen. 
A recent publication by Gamberini et at. 29 studied the vibrational chemistry of the 
trans isomer of tamoxifen citrate, of which there are three known polymorphs; 
Forms I, II and Ill. 
In the case of tamoxifen citrate, Form IJ is the commercially avai lable form. The 
remaining two polymorphs may be produced by Form II in xylene under reflux 
and then immersing in a dry ice-acetone bath (Form Ii9 or by recrystallising in 
methanol and acetone (Form JJI).29 The three forms were determined by a number 
of techniques such as X-ray diffraction and lR and Raman spectroscopy. 
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Figure 1.14 Isomeric structures of tamoxifen 
1.6.4 Optical Isomerism 
1. H. Kirk 
Optical isomers, or enantiomers, are isomers that exist as non-superimposable 
mirror images of each other. An example of this is the pharmaceutical API 
thalidomide (section 1.8). Simple enantiomers contain a chiral centre, thus within 
the molecule, there is an asymmetric carbon, or stereocenter, with four different 
bonded functional groups (Figure 1.15). 
I 
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~, d-(+) , , 1-(-) JI , , 
, 
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-
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Figure 1.15 Descriptions of enantiomers with respect to both optical activity, 
identifying both (+1-) notation and d- and 1- notation and absolute configuration (R-
and S-) (A-D; highest to lowest priority functional groups) 
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In more complex molecules, the presence of a chiral centre is not always 
observed. As long as the molecules are non superimposable mirror images, the 
materials are enantiomeric. 
1.6.4.1 Optical Rotation 
As enantiomers both have similar physical characteristics, a number of 
configurations have been used to discriminate between enantiomers. The first of 
these corresponds to the optical activity of the isomers. By definition, optical 
activity is modified differently by different enantiomeric isomers. Optical activity 
is measured by the rotation of plane of polarized light. 
Plane polarized light, a single oscillating light wave, is produced by a polarimeter 
which filters ordinary light to produce a single wave. In chiral molecules, such as 
enantiomers, light interacts differently with the different halves of the molecule. 
The interaction results in the rotation of the plane of polarized light which is 
measured in degrees and is given the symbol Cl. 
The direction of the rotation of the plane of polarization is assigned different 
notations. If the plane of polarized light is rotation in a clockwise direction, the 
molecule is termed dextrorotatory, d or (+). If the rotation is anticlockwise, the 
molecule is termed levorolalory, I or (-) (Figure 1.15). 
1.6.4.2 Absolute Configuration 
Although enantiomers are optically active, it is not possible to determine the 
spatial arrangement of the enantiomer by studying this optical activity. The 
observation that a change in rotation does not necessarily result in a change of 
atomic or functional group arrangement, results in the need for a non ambiguous 
notation for the assignment of enantiomers. 
Absolute configuration is the spatial atomic arrangement within chiral molecules, 
of which is given unambiguous R and S notation. This notation is outlined in 
Figure 1.15. It corresponds to the arrangement of the three highest functional 
groups bonded to the asymmetric carbon. Figure 1.15 shows that in a system 
where the descending order of priority of functional group is clockwise about the 
17 
Chapter I: Introduction J. H. Kirk 
chiral centre, the absolute configuration of that system is R. If the priority of the 
functional groups is anticlockwise, the absolute configuration of the isomer is S. 
In a system where a mixture of optical isomers is present in equilibrium, (I: I 
ratio) the system is known as a racemate. 
In relation to polymorphism, optical isomers are not covered by the definition of a 
polymorphic system. Poly morphs exhibit different physicochemical properties 
even though the compounds are molecularly identical. In the case of optical 
isomers, the general physicochemical properties are identical. 
1. 7 Other Examples of Polymorphism 
Over the years of research and development dedicated to both the concept of 
polymorphism and the techniques associated with it, a huge library of 
polymorphic compounds has built up. There are now hundreds of examples of 
polymorphic compounds in many areas of chemistry and science. Many of the 
polymorphic structures attributed to academic research may be found in the 
Cambridge Structural Database30,31 with even more awaiting patents and 
industrial investigation. Polymorphism crosses many discipline boundaries and 
affects almost every scientific industry in one way or another. Examples of 
polymorphism in industry include silica; iron; calcium silicate; sulfur; soap; dyes 
and explosives. In the following sections, a few examples of polymorphic 
compounds will be discussed. 
1.7.1 Inorganic Polymorphs 
The alite form of calcium silicate is known to exist in at least three different 
forms. Monoclinic, triclinic and rhombohedral structures have all been 
designated,32 observed to be distortions of the original hexagonal structure which 
occurs at temperatures greater than I 250°C (Figure I. I 6). 
The three polymorphs are discriminated using X-ray diffraction which shows the 
only discrete difference between them lies in one reflection. In the monoclinic 
structure this reflection is observed with a double peak,33 the triclinic structure 
exhibits three peaks34 and the rhombohedral structure displays a single 
18 
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retlection. 3s Other than the aforementioned characteristic differences, there is 
little to separate the three polymorphs. There are some scientists that believe that 
the third polymorph, the rhombohedral structure, is actually a misinterpreted 
convoluted structure of the monoclinic form 36 but this is open for debate . 
Heulonal 
I>c;af.y 
Rhombohednl 
atP f.y 
• 
Monoclinic 
If.bf.c; a =y= 90" f. P 
Tricllnlc 
If.bf.c; atPf.r 
< 6200C 
Figure 1.16 Polymorphic transitions of the tricalcium silicate, afite 
Other examples of inorganic polymorphs are the high pressure polymorphs 
formed in the ceramic industry. High pressure polymorphs are usually split into 
two categories; the first form maintains structure under ambient conditions. These 
are renowned for their hardness and high heat transfer. The second form is only 
stable under pressure and reverts back to the original state when the pressure is 
withdrawn. Two examples of high pressure polymorphs were those formed from 
germanium oxide (Ge02) which is known to exist as a rutile structure and as an a-
quartz type (Figure 1.17); and zirconium dioxide (Zr02), reported by Kume et al. 
in 1998. 37 
With respect to Zr02, there are a number of known polymorphs, including 
tetragonal, cubic and orthorhombic as well as the monoclinic structure of the 
naturally occurring Zr02, baddeleyite. In recent research, lung and Be1l 38 studied 
the effects of Zr02 phase on methanol synthesis from carbon monoxide and 
carbon dioxide after the consideration that the tetragonal Zr02 (t-Zr02) and 
19 
Chapter I: Introduction J. H. Kirk 
monoclinic zr02 (m-Zr02) had vastly different adsorption capacities for the two 
aforementioned gases.39 
a-Quartz Structure Rutile Structure 
Figure 1.17 Structures orGcO, polymorphs 
1.7.2 Dyes and Pigments 
The major consequence of the existence of polymorphs of dyes and pigments is a 
difference in colour. Therefore, if a particular event or chemical reaction can 
cause a polymorphic transformation, it may be used as an indicator for that 
particular event. One example of this was the research by Mizuguchi et al.4o 
Research was carried out on the industrially important red pigments, 
diketodiphenylpyrrolopyrroles (DPPs), with particular reference to 1,4-diketo-3,6-
bis-( 4 ' -dipyridyl)-pyrrolo-[3,4-c ]-pyrrole (DPPP). The pigment shows a high 
affinity for protonation, which brings about a drastic colour change from red to 
violet (F igure 1.18). 
Investigation into DPPP determined that the pigment crystalli sed in two forms : 
Phase I, produced from a vapour phase, which had sensitivity to protonation; and 
Phase 11 , recrystallised from solution, which exhibited a poor affi nity for 
protonation. The high affmity for protonation associated with Phase I, was utilised 
in the development of the use of Phase I DPPP as a hydrogen gas sensor, a colour 
change, indicating the presence of the gas due to the protonation of the material. 
20 
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Figure 1.18 Polymorphs of DPPP. Phase I has a high affinity for protonation giving 
rise to a colour change. Phase 11 has a poor affinity for protonation and therefore no 
colour change is observed. 
Another example of a pigment exhibiting polymorphic tendencies are those of 
lead chromate.41 This group of inorganic pigments gives a range of colours, from 
greenish-yellow to yellowish-red, by incorporating sui fate atoms into the crystal 
structure. The pure lead chromate (PbCr04) is yellow in colour, exhibiting a stable 
monoclinic structure. Modification of colour is produced by solid solutions. The 
greener shades are produced by the inclusion of sui fate ions into the lattice, with 
the greenest shades produced by the solid solution of PbCr04 and PbS04, the 
latter of which crystalli ses in a metastable orthorhombic crystal form. 
With respect to dyes, a recent publication by Aret et al. 42 studied the polymorphs 
of a yellow isoxazolone dye, used as a fi lter dye in photographic fi lms. 
Investigation showed that the polymorphs crystalli sed in either monoclinic or 
orthorhombic crystal structures with three forms being determined, two from 
solution and one from the melt . 
1. 7.3 Natural Polymorphs 
Polymorphism has been occurring in nature for thousands of years before the 
concept was recognised scientifica lly. Geological minerals have been exhibiting 
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different structures under the influence of the Earth's pressure for as long as the 
planet has been in existence. One of the most well known polymorph exhibiting 
elements is carbon, existing as graphite and diamond (Figure 1.2). Other natural 
polymorphs include the previously discussed zirconium dioxide form, baddeleyite 
and certain protein polymorphs.43 
A rare example of a natural polymorph is that of vaterite, an unstable form of 
calcium carbonate. It is hexagonal in structure and has a strong relationship to 
organic tissue such as gallstones and Chinese freshwater lacklustre pearls, the 
structure of which was recently studied by Qiao and Feng.44 In 2000 Kralj and 
Vdovic45 investigated the effects of naturally occurring minerals quartz, kaolinite 
and montmorillonite, on the precipitation of calcium carbonate polymorphs, 
concluding that the only crystal modification during this precipitation process was 
that of vaterite. The montrnorillonite caused instantaneous precipitation of calcite, 
the most thermodynamically stable form of calcium carbonate. This is an example 
of the role of external factors influencing crystal modification of otherwise stable 
polymorphs. 
There are many more naturally occurring polymorphic minerals, including the 
geologically important spinel-type AB20 4 compounds which have been found to 
exist in at least three different forms. In 2003 Chen et al. 46 investigated the 
occurrence of a high pressure polymorph of chromite that had been discovered in 
a meteorite. The composition was identical to that of chromite but Raman 
spectroscopy had shown differences. Analysis using synchrotron X-ray diffraction 
showed an orthorhombic structure compared to that of the chromites, which are 
usually based on a cubic structure. 
There must be thousands of examples of naturally occurring elements and 
minerals that exhibit some degree of polymorphism but, with the advances in 
technology and understanding, the manipulation of polymorphs is also of great 
importance to synthetic materials and one of the most influential areas for the 
increase in polymorphism awareness is the pharmaceutical industry. 
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1.8 Polymorphism in Pharmaceutical Materials 
Characterisation of materials is of particular importance within the pharmaceutical 
industry. Uncharacterised polymorphs of an API have the potential to result in 
loss ofbioavailability and performance or even lead to unexpected side effects. 
The term polymorphism, within the pharmaceutical industry, encompasses 
anhydrous polymorphs, solvates and hydrates,47 previously discussed under the 
context of pseudopolymorphism and also amorphous materials, not covered 
within the scope of this thesis. These criteria were set out by the International 
Conference on Harmonization (ICH) Guideline Q6A.48 The ICH was formed to 
ensure that all pharmaceutical products were regulated by an independent 
evaluation before the products were marketed. The formation was prompted by a 
series of detrimental events, such as that of thalidomide in Europe, caused by new 
synthetic products that had lacked the scrutiny of current pharmaceutical 
practices, initiated by bodies such as the ICH. Other regulatory bodies include the 
Food and Drug Administration (FDA) in the United States and the Medicines and 
Healthcare products Regulatory Agency (MHRA) in Britain. 
As previously discussed, thalidomide is a good European examples of detrimental 
consequences caused by incomplete characterisation of pharmaceutical materials. 
Although thalidomide is an enantiomeric material and not a pOlymorphic one 
(Figure 1.19), it is a good example of why material characterisation is absolutely 
essential. 
In the 1950's, when it was first discovered, thalidomide was not known as an 
enantiomeric material. It was duly patented and released as an over-the-counter 
sedative with antiemetic (antisickness) qualities.49 The resulting side effects of 
birth defects in babies prompted a complete characterisation of the API. The 
research carried out highlighted the two enantiomeric forms, which exist as a 
racemic mixture, due to interconversion, at pH levels akin to those in the human 
body. 
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The enantiomers were observed to have different properties: the R( + )-thalidomide 
had the desired sedation properties; the S( -)-thalidomide form, however, had the 
tetragenic (limb defecting) properties which caused the birth defects. The racemic 
nature of the material, the 1: 1 equilibrium of the two enantiomers, meant that even 
if isolation of the desired enantiomers was successful, transition to the 
detrimental S( -)-enantiomer would still occur in the body. The result of this 
research was the tight control of this particular API and a call for thorough 
investigation into all potential active pharmaceutical ingredients. 
o 
o 
R(+)- Thalidomide 
o . 
.. ---------------------.--------------.. ------------------------.----------------. mIrror 
o S( -)-Thalidomide NV,0 
o 0 
Figure 1.19 Enantiomeric forms of thalidomide 
It is not only the existing APIs, or new drug applications (NDAs), that require full 
characterisation. In compliance of current good manufacturing practice (cGMP), 
inert pharmaceutical excipients, such as lactose, which also demonstrate 
polymorphic tendencies, require investigation in order to ascertain modification to 
further characteristics such as particle size and adhesivity/cohesivity, during 
formulation and production processes. The temporary adhesion of an API to an 
excipient is particularly important when formulating inhalation products; dry 
powder inhalers (DPIs) and metered dose inhalers (MOIs). If API particles do not 
adhere to the excipient particles strongly enough, the excipient will not carry the 
API effectively to the target. Alternatively, if the adhesion forces are too strong, 
the API will not be dispersed efficiently. Both of these effects will have an 
influence on the bioavailability of the formulation. In the particular case of 
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generic products, already on the market by a competitor, if characterisation is not 
carried out and results in a loss of bioavailability or bioequivalence (effectiveness 
compared to other brands), it could lead to an umnarketable product and hence 
have financial consequences as well as health implications. 
Within the pharmaceutical industry polymorphism is both recognised and 
exploited. Recognition of polymorphism in APIs is vital in ascertaining and 
controlling the effects of the API on the body and also in determining the stability 
of a product. If a phase that is thought to be stable forms a metastable polymorph 
during formulation, it may result in a failure to market the product. 50 
It is a fair assumption that the majority of organic polymorphs exist within the 
pharmaceutical industry. There have been numerous cases of both active 
pharmaceutical ingredients (APIs) and excipients exhibiting polymorphic 
tendencies. Documenting the true extent of polymorphism within the 
pharmaceutical industry would take decades. The following, outlines only the 
smallest fraction of the examples but aims to give scope to the depth of research 
carried out on pharmaceutically important materials. 
Caffeine, a natural ingredient, commonly known to exist in coffee beans and tea 
leaves, is often used as an API in cold remedies and pain killers. It is known to 
exist in two forms; Phase I (a-form) and Phase 11 (~-form). Thermodynamically, 
Phase I is the more stable phase, Phase 11 however, results from the dehydration of 
the crystalline hydrate before converting to Phase I at a transition temperature of 
_155°C.S1 
Paracetamol is one of the most widely distributed over-the-counter pain killers on 
the market due to its combined analgesic and anti-pyretic properties. With such a 
high level of manufacture it is important that the characteristics are controlled, 
stable and reproducible. Paracetamol exhibits three different polymorphs; Phase I, 
has a monoclinic structure, Phase 11, an orthorhombic and Phase III which was 
reported in the 1980'S52 but has only recently been successfully isolated.s3 Phase 
11 is the phase most desired by the pharmaceutical tabletting industry as it is most 
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suitable for direct compaction. S4 The monoclinic Phase I cannot be directly 
compacted due to the nature of the sheets of molecules. ss 
There are many other wel1 known examples of pharmaceutical polymorphs, 
including cimetidine, more commonly known as Tagamet,S6 and ibuprofens7 
indicating the importance of the phenomenon within this industry and the 
importance for characterisation. 
N t '-':: 
N 
·~NA./ // OH N 
B B 
Cimetidine (Tagamet) 
Figure 1.20 Structures of cimetidine (Tagamet) and ibuprofen 
1.9 The Chemistry of Polymorphism 
1.9.1 Thermodynamics and Kinetics 
Polymorphism is a result of thermodynamic and kinetic crystallisation factors. 
Therefore, the understanding of the thermodynamics behind individual 
polymorphs is imperative to understanding and assigning the polymorphic 
definition. One area of understanding is in the Phase Rule, first described by 1. W. 
Gibbss8 in 1876. The Phase Rule associates variance, or number of degrees of 
freedom, F; the number of phases at equilibrium (thermodynamical1y, this is the 
point of lowest free energy),s9 P; and the number of components, C, within a 
system, in the relationship: 
F=C-P+2 Equation 1.1 
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The number of components within a system is defined as the minimum number of 
independent species required to define the composition of all phases within a 
system. The number of degrees of freedom is defined as the number of conditions 
which can be altered without changing the equilibrium, or number of phases 
within a system. In respect to polymorphism, the number of phases can be 
attributed to a varied selection of conditions; for example, both temperature and 
pressure can govern the equilibrium of phases within a polymorphic system. 
An example of the use of the phase rule relates the solid-solid and solid-liquid 
phases of water.59 In atmospheric conditions, water exists as a liquid and as a solid 
(Phase I). Under high pressures three further polymorphs of solid water (ice) exist. 
These are outlined in Figure 1.21. 
Ice (IV) 
Ice (V) 
Liquid 
Ice (I) 
Temperature 
Figure 1.21 Solid-solid and solid-liquid phases interactions of water' 59 
The phase relationship tenns monovariant, bivariant and invariant, as implied, are 
systems in which either one, two or no conditions, respectively, can be altered 
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within a system in order to maintain equilibrium. As in the case of water, the 
maximum number of phases within a polymorphic system that can exist in 
equilibrium is three, as negative degrees of freedom cannot exist, therefore with 
most polymorphic systems an invariant triple point often exists. 
In terms of thermodynamics, relative stability of opposing polymorphs is of great 
interest and importance. Stability indicates which polymorph is likely to dominate 
within a system under discrete conditions. For example in a system of two solids 
where temperature and pressure are kept constant, the solid component with the 
lowest free energy has the greatest stability. These can be explained in terms of 
Helmholtz energy: 
Equation 1.2 
Where A, Helmholtz free energy is equal to the internal energy, U, minus the 
temperature dependent entropy of the system, TS; and the more widely used Gibbs 
energy, where the Gibbs energy, G, is equal to the enthalpy of the system, H, 
minus the temperature dependent entropy: 
Equation 1.3 
A decrease in Helmholtz energy signifies a spontaneous change in the system by 
an increase in the entropy. With respect to Gibbs energy, used more commonly in 
chemistry, under constant pressure and temperature, spontaneous change in a 
system corresponds to a lowering of Gibbs energy. If this energy decreases over 
the course of a reaction, it signifies that the reaction is tending towards the 
reactants becoming products, an increase in Gibbs energy corresponding to the 
opposing situation.6o 
The alternative factors to consider, when regarding the identification of 
polymorphs, are the kinetics of the system. 
A kinetically controlled reaction occurs in a system where the amount energy in 
the system is greater than the activation energy required for reaction, but lower 
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than that required to promote the reverse reaction. Therefore, kinetically 
controlled reactions are irreversible. 
In reference to polymorphism, the kinetics of crystallisation is evaluated. In 1939 
Volmer61 recognised that the barriers of activation energies of crystallisation were 
dependent on the surface area to volume ratio of the assembly of the new phase; 
For example the size of the Phase 11 polymorph crystallised from Phase I. 
Volmer's kinetic theory of nucleation describes the concept of critical size, which 
must be achieved by a second phase in order to be stabilised. Hence, if a system 
forming Phase 11, from Phase I, shows a smaller critical size for the second phase 
than for the first, Phase 11 shall be formed, even though Phase I may be more 
thermodynamically stable. 
The theories of kinetics and thermodynamics, therefore, sometimes disagree with 
each other. This was captured by Ostwald in 1897 in his 'Rules of Stages,.62 
Ostwald stated that when leaving a metastable state, a given chemical system did 
not seek out the most stable state, but the nearest metastable one that can be 
reached without a loss of free energy' .63 
Whilst Ostwald's Rules give no clear indication of whether a system is 
polymorphic or not, and were indeed, thought tenuous by even Ostwald himself, it 
has been widely used to aid the understanding of the crystallisation behaviour of 
polymorphic systems. 
1.9.2 Techniques used to Characterise Polymorphs 
There are a number of analytical techniques that are classically used for 
characterising polymorphs of materials. Many of them have been utilised in the 
following research. This thesis focuses on structural properties of polymorphs, 
with respect to lactose, with only minimal observation of thermal characteristics. 
The thermal characteristics oflactose have been, and continue to be determined by 
a number of research groups but this work is out of the scope of this thesis. It is 
observed, however, that with respect to full characterisation, a wide spectrum of 
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both structural and physical characterisation techniques are necessary to evaluate 
new polymorphs. 
1.9.2.1 Thermal Methods 
There has been much research carried out on polymorphism using thermal 
analytical methods.64,65,66 Thermal methods provide quantitative analysis into the 
nature of the transitions between polymorphs. The techniques are usually 
designed to follow the change in enthalpy (~H) which follows a transition. This is 
particularly the case with differential scanning calorimtery (DSC). 
1.9.2.1a Differential Scanning Calorimetry 
DSC involves the use of two independent furnaces; one heating a sample and one 
heating a reference. The differences in the heat flow that the reference required to 
match that of the sample at anyone point in the analysis, is translated into a trace 
which shows the input of heat into the two channels as a function of time. 
Exothermic or endothermic events, depending on the setup of the individual 
instrument are exhibited as peaks or troughs in the trace. The area of an 
endothermic reaction, equates to the total ~H of a transition. 
In recent years there have been a number of developments of the DSC techniques 
including the introduction of modulated temperature DSC67 and more recently, 
the use of high speed, or HyperDSC.68 Both of these techniques have enhanced 
the capabilities of polymorph determination, especially within the early stages of 
research and in relation to the subject of amorphous phases, due to the increased 
resolution of these two techniques. DSC has many similarities to the technique of 
differential thermal analysis (DTA), the widely used predecessor of DSC. 
1.9.2.1 b Differential Thermal Analysis 
In parallel to DSC, DT A measures the difference in heat flow to determine the ~H 
of a transition, however, this heating for both the sample and the reference is 
generated from the same source, which means there is no compensation principle 
as exhibited in DSC. This results in a less sensitive technique as DTA only 
measures the thermal resistance to heat flow and therefore is more limited than 
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DSC. This said, it still has capabilities as a combined technique with other thermal 
techniques such as thermogravimetric analysis (TGA). 
1.9.2.1c Thermogravimetric Analysis 
TGA is one of the most simple of concepts within the range of thermal 
techniques, measuring mass loss with respect to either time or temperature. In 
relation to polymorphism, or more specifically, hydrates or solvates, it becomes a 
method of easily identifying transitions due to loss of moisture or solvents. 
Although TGA may not define between true anhydrous polymorphs within the 
same analysis, characterisation of the polymorphs with respect to TGA may help 
to determine whether the species is in the same in the solid state. 
1.9.2.2 X-ray Diffraction 
X-ray diffraction will be discussed in detail in future sections (chapters 3 and 4) 
but it is noteworthy that it is still a primary technique with respect to polymorph 
identification and discrimination. Both powder and single crystal X-ray diffraction 
are renowned for their use in the area of polymorphism and is well documented 
technique. 69, 70 
1.9.2.3 Spectroscopic Methods 
Spectroscopic methods will also be returned to in future sections (chapters 3) but 
as a widely available analysis group containing, amongst others, FT-Infrared, 
Raman spectroscopy and nuclear magnetic resonance (NMR) spectroscopy. In 
particular, the development of the solid state NMR techniques, allows 
characterisation and discrimination of polymorphs in a sample efficient marmer. 
The techniques outlined above are only a sample of the range of analysis used to 
detect and characterise polymorphs. For example, more physical techniques such 
as microcalorimetry, inverse gas chromatography (rGC), Atomic force 
microscopy (AFM) and gravimetric/dynamic vapour sorption (GVSIDVS) are all 
advantageous to the understanding of polymorphs. Microcalorimety gives rise to 
information from a thermodynamic perspective and in the view of stability; 71 rGC 
for the characterisation of surface properties; 72 AFM allows the effects of 
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cohesive and adhesive forces to be studied73 and DVS shows how polymorphs are 
effected by relative humidity.74 
1.10 Scope 
Within the pharmaceutical industry, drugs and excipients alike, all have the 
capability of exhibiting polymorphic tendencies. One example of this is the inert 
pharmaceutical excipient; lactose. Years of research into lactose has resulted in 
numerous publications, some of them contradictory, into all areas of lactose 
chemistry but all have one common theme; understanding the theoretically simple 
reducing sugar, and its complexity, yet, suitability as a pharmaceutical excipient. 
The main body of work aims to condense and clarify decades of research into 
crystalline lactose polymorphs. It concentrates on the characterisation of these 
polymorphs and aims to build a foundation onto which the important aspects of 
materials science, in relation to the ever developing area of pharmaceutical 
research, may evolve. 
In this thesis a variety of solid state disciplines will be investigated; materials 
characterisation; quantification; crystallography; and the application of methods 
used for lactose to other sugar hydrates; with the aim of compiling a 
comprehensive insight into the crystalline forms oflactose. 
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2.1 Introduction 
Characterisation of materials in the solid state requires numerous techniques to 
investigate structure, composition and physical behaviour. In this chapter, the 
theory and methodology behind the primary analytical techniques used in the 
course of this work will be discussed. 
2.2 X-ray Diffraction 
2.2.1 Principles of X-ray Diffraction 
X-ray diffraction is a key technique used for characterising properties of solid 
compounds; determining crystal size; demonstrating phase changes and solving 
crystal structures. The principal theory behind any type of diffraction is the 
interaction of matter with a radiation beam, such as X-rays, resulting in scattering. 
X-ray scattering is caused by diffraction from electron clouds surrounding the 
atoms/ions within the crystal. Analysis of the scattered X-rays can allow 
information pertaining to the type and spacings of the atoms/ions to be derived. X-
ray diffraction may be carried out using either single crystals or powdered 
materials. 
2.2.2 Production of X-rays 
X-rays are produced when core electrons from a metal target, such as copper, are 
ejected from their valence shells leaving quantised vacancies. These vacancies are 
then filled with electrons from higher energy orbitals. The energy difference 
between the higher energy atomic orbital and the vacancy is then emitted as an X-
ray of precise energy. The type of X-ray is described according to the vacancy 
filled and the spin state of the electron e.g. Kah K,a, K~1 and K~2' The a/~ notation 
of the aforementioned radiation types, signifies which higher energy orbital the 
electrons has transferred from, a = 2p to 1 s and ~= 3p to 1 s, and the 1 or 2 signify 
the spin state of the electron. 1 
2.2.2.1 The X-ray Tube 
In an X-ray tube, heating a tungsten filament produces electrons by thermionic 
emission. They are accelerated in a vacuum towards the metal target to produce 
the X-rays. The X-rays escape from the tube via a beryllium window, which is 
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effectively transparent due to the light nature of the element (Figure 2.1). The 
emitted X-rays then interact with the sample and are scattered. 
- - - W Fi lament 
e-
X-rays 
-- Be Window 
L-'===::!.-_--' - · Cu Target 
Figure 2.1 A schematic diagram of an X-ray tube 
The output from an X-ray tube consists of sharp transitions superimposed on a 
background of white radiation (Bremstrahlung radiation), which is caused by the 
energy loss of X-rays as they enter the metal target. The output from an X-ray 
tube is shown in Figure 2.2. 
Ka1 
-
Wavelength 
Figure 2.2 Output from an X-ray tube' 
From Figure 2.2 above, it can be observed that the Kal line has the highest 
intensity and typically this line is selected for single wavelength (or pnmary 
monochromated) powder diffractometers for the diffraction experiment. 
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2.2.2.2 Miller Planes 
The translational symmetry of any three-dimensional lattice can be described by 
Miller planes. The locations of these Miller planes are determined by three co-
ordinates, the Miller indices, which are given the terms, h, k and l. The co-
ordinates correspond to the reciprocal values of the point of the atom along the 
lattice, 0 being the origin and I being one unit cell length. Hence the 421 Miller 
plane would correspond to a plane that cuts Y. of the way along the x axis, Y, way 
along the y and all the way along the z. 
ell 
b 
lLa a/4 
Figure 2.3 Representation orthe 421 Miller plane. It corresponds to a plane that cuts 
Y. along the x axis, Y, along the y, and all the way along the z 
The distance between Miller planes is known as the d-spacing and is given the 
term dhkl. 
In order for X-ray diffraction to give useful information, the scattered X-rays have 
to interfere constructively i.e. the waves effectively have to be scattered in phase, 
as shown in Figure 2.4. The path difference between the two X-rays is given by 
Equation 2.1. 
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Path Difference = WX + XY = nil. Equation 2.1 
Where A. is the wavelength of the X-ray and the points W, X and Y can be seen in 
Figure 2.4, with the path difference equal to an integral multiple of wavelengths. 
If the path difference between two X-rays is equal to an integral number of 
wavelengths, constructive interference occurs and a reflection is observed. When 
this is not the case, destructive interference occurs, leading to a loss of signal and 
reflections are not observed (Figure 2.5). 
t 
d", 
~ 
z 
w' • 
Pair of parallel 
planes 
Figure 2.4 Scattering of X-rays from the Miller planes' 
= Constructive interference, waves are in phase, the 
diifractometer will record an intensity. 
= Destructive interferences, waves are out of phase and 
therefore intensities are not observed. 
Figure 2.5 Patterns of constructive and destructive interfereuce 
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2.2.2.3 Bragg's Law1 
Bragg's Law, as shown in Figure 2.4 geometrically associates reflection angle 
with path difference and is outlined in Equation 2.2: 
n2 = 2dhJd sin B Equation 2.2 
Where n = integer, A. = wavelength of the X-ray beam, dhkl = d-spacing and a = the 
Bragg angle of the reflection. It is important that the wavelength is comparable to 
the periodic spacings in the crystal to allow scattering to occur. Typical X-ray 
wavelengths used for diffraction experiments hence lie between 0.6 and 1.9 A. 
There are two different methods of using Bragg's Law to carry out X-ray 
diffraction. The first is to use fixed wavelength radiation and alter the angle of 
incidence; the second is to have a fixed incident angle and variable wavelength 
radiation. Laboratory diffractometers typically use the former method. 
Using Bragg's Law and data collected from the sample, it is possible to work out 
the dhkl values for each reflection and hence the distance between atoms/ions. The 
intensity of the reflections can be measured to give information pertaining to 
atoms/ions in a plane using both direct and computer controlled methods. This 
allows a picture of the full structure to be generated. 
2.3 Powder X-ray Diffraction 
The most significant difference between powder and single crystal X-ray 
diffraction is that a powder sample is a polycrystalIine material and contains many 
randomly orientated crystals resulting in scattering, occurring simultaneously in 
all directions. In single crystal diffraction, the sample is placed in a fixed 
orientation and data are recorded from each plane separately. 
2.3.1 The Powder X-ray Diffraction Experiment 
The powder diffractometer used in this research was a Bruker 08 Advance 
diffractometer using monochromated CuKal radiation at A. = 1.5406 A fitted with 
a position sensitive detector (PSO). The Kal radiation, as already discussed, gives 
the highest intensity and is the radiation of choice in the 08 diffractometer. The 
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white, or Bremstrahlung radiation, K~I +2 and the K a2 radiation, are filtered out 
using a germanium single crystal monochromator that selects a specific A. 
governed by Bragg's Law. This instrument is an example of a fi xed wavelength 
diffractometer. The simultaneous scattering from a powder sample causes a 
coning effect of reflected intensity (Figure 2.6). 
x·ray 
beam 
(a) 
Sampte 
Figure 2.6 (a) The coning effect of X-rays reflecting off a polycrystalline sample. (b) 
Grouping effect of the simultaneous collecting of reflections, each circle representing 
a different angle of incidence 
The D8 powder diffractometer itself works by rotating the detector through a 
range of angles in a ci rcular motion to include all 2e (incident angle) values of 
interest as the generated beam of X-rays is focussed through a series of slits onto 
the sample. 
Ko. ' ...... 
K"' _ 
X-ray Tube Collimator 
Ge monochromator 
----.-0 
Sample 
• 
• Detector 
Figure 2.7 Schematic of the X-ray diffraction instrumentation. The X-rays from the 
tube are made up K.h Kul, K~ . and K~l radiation. The X-rays pass through a 
germanium monochromator which removes the K,." Kpl , and K~l radiation. The Ko. 
is then collimated before reaching the sam pie 
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2.3.2 Powder X-ray Diffraction Data 
In powder X-ray diffraction, a pattern of reflections is produced indicating 28 
values versus intensity. From these data, it is then possible to calculate the d-
spacing for each angle of incidence and therefore work out the distance between 
the planes and atoms on those planes. The pattern of the reflections depends on 
the cell dimensions and symmetry within the crysta l lattice of the sample; the 
intensities of the reflections are dependent on atomic positions within the cell . 
Fooussing 
Circle 
• 
• 
• 
Sample 
Stage 
Measuring 
Circle 
.,."," 
.' 
.. 
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• 
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• 
Figure 2.8 Diffractometer set up. The detector rotates through a number of angles to 
produce a range of29 values from the reflecting X-rays' 
Every material has a unique PXD pattern and therefore PXD patterns can be used 
as a source of material identification. Patterns may either be identified by 
comparison of experimental data or by using the PXD data compiled in the 
JCPDS database. 3 
PXD patterns can also be used to identify the crystal size of a materia l. The 
Debye-Scherrer equation, Equat ion 2.3, identifies crystal size by considering the 
full width-half height maximum (FWHM) of reflections within a PXD pattern. 
D = KJ,. 
/lcose 
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D is the size of the crystal, in the direction perpendicular to the reflection plane; K 
is a constant (-0.9); A. is the wavelength of the X-ray radiation andP is the FWHM 
in radians, therefore crystal size is inversely proportional to the FWHM of 
reflections. 
2.3.3 Refinement oCPowder X-ray Data 
In the 1960's Hugo M. Rietveld4 first proposed a method dedicated to utilizing 
data obtained through powder neutron diffraction for the purpose of solving 
profile parameters of crystal structures.' This process involved the analysis of 
structural information contained within the powder neutron diffraction data on a 
wide range of materials. 6 Up· until this point, powder diffraction methods were 
deemed inferior to that of their single crystal rivals, but difficulties in producing 
large enough crystals for carrying out single crystal neutron studies prompted the 
development of powder techniques. In powder data, factors such as high angle, 
overlapping reflections in complex structures and unit cells meant that no 
structural information could be reliably obtained using the methods in place at the 
time. Rietveld suggested that powder refinement should, in fact, utilise these 
overlapping intensities and combine them with the use of higher wavelength 
analysis, theoretically resulting in better resolution.7 
Methods previous to the one proposed by Rietveld used integrated reflection 
intensities to analyse all data due to the necessity for data reduction of the more 
complex structures. The method introduced by Rietveld was one of step-wise 
intensities and introduced the idea that with the extended ability of computational 
methods over manual calculations, more data could be analysed by using 
individual intensities, Yi, of reflections and that information on high angle, 
overlapping reflections could be gleaned by doing so. Information on individual 
contributions was related to YI by Equation 2.4. 
Equation 2.4 
Where the expression Wi.k is the value of the relative contributions of each 
constituent peak and S is the structure factor. The values for the relative 
contributions were calculated from unit-cell dimensions and the wavelength used 
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in the analysis, whilst the zero point error and half width values were measured 
directly from the diffraction patterns. 
Equation 2.4 was applied to overlapping reflections only. Fully resolved peaks 
continued to be calculated by using integrated intensities because the Gaussian 
peak shape, used to fit the overlapping peaks, did not fit well at lower angles. On 
improvement of this method, an asymmetry correction was introduced and with 
technological advances, methods were introduced that were capable of refining 
the structure as well as the profile parameters.4 Rietveld's method was first 
publicly reported in 1966 and was used mainly to refine data obtained by fixed 
wavelength neutron diffraction.8 In 1977 the Rietveld method became accepted as 
a method for X-ray powder data refmement as well as neutron data9•10•1l and has 
become a widely used method for refinement of powder data for both disciplines 
of neutron and X-ray powder diffraction. 
2.3.3.1 Least-Squares Methods 
All refinement of constant wavelength (CW) powder data, outlined in the 
following body of work, was carried out using the General Structural Analysis 
Software (GSAS) suite of programs. 12 The Rietveld method of refinement utilises 
the process of a least-squares fit between observed intensity data and that of a 
calculated model based on assumptions of sample and instrumental parameters. 
GSAS uses a non-linear least squares interaction to minimise the difference 
between the observed and calculated profile. The best fit required for all 
refinements is calculated by the total sum of all the individual intensities within 
the data, defined by the minimisation function, Equation 2.5. 
Equation 2.5 
Where Mh can be made up of several data sets relating to either powder data, Mp, 
or single crystal data, Ms (M in Equation 2.5), each of which has a separate 
histogram. This allows multiple phases to be refined at anyone time. The term/J" 
represents the weighting factor and is used to effectively balance contributions 
from all data sets within any given refinement. 
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For powder data, the contribution to the minimisation factor can be defined as: 
Equation 2.6 
The minimisation factor contribution from powder data comprises the difference 
between the observed intensity; 1o, and the calculated intensity; le, squared, 
multiplied by the weighting factor, w. The weighting factor is defined as the 
reciprocal of the observed intensity, 111o, and is included to allow the 
normalisation of the effects of differences at low and high intensities. That is, 
differences between the observed and calculated intensities at low intensities will 
have as much contribution to those at high intensities due to the inclusion of the 
weighting factor. 
In order to achieve this minimization, le is calculated by the consideration of a 
number of factors that govern the intensity of the Bragg reflections for the 
calculated model. These factors can be separated into two parts; the structure 
factor; and the parameter functions including background parameters; peak shape 
and profile parameters. 13 During the refmement process, the small modifications 
to the values for these variables are made, resulting in an eventual global 
minimum. 
2.3.3.2 Profile Intensities 
For CW data, the intensity contribution, without the consideration of form factors, 
is constant across the designated 29 range. The normalised profile intensity, 10' at 
any given point of the diffraction pattern is a combination of neighbouring Bragg 
reflections and the background. 10' for CW can be defined by the equation: 
I = I: 
o I , 
Equation 2. 7 
Where 1'0 represents the observed intensity for any given 29 Bragg angle and I, is 
the incident intensity derived from instrument specifications. 
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Parameter functions, used to define le, define the position, shape and size of the 
Bragg reflection and include factors, such as cell parameters, zero point, 
asymmetry, absorption and preferred orientation correction. le combines these 
parameter factors and that of the structure factor, in the summation of the 
contributions from neighbouring Bragg reflections and can be defmed as: 
Equation 2.8 
Ib represents the background intensity; Sh and Sph, the scaling factors for the 
histogram in question and the phase of that particular histogram; F is the structure 
factor; H is the reflection profile function; T and Tph are the values for the Bragg 
angles; and Kph is a combined function of absorption, preferred orientation and 
Lorentz-polarisation and multiplicity factors collectively termed the intensity 
corrections factors. The sum of the Bragg intensities may be defined as: 
Equation 2.9 
Therefore the calculated intensity for the profile model can be simplified to give: 
Equation 2.10 
2.3.3.3 Background Intensity, Ib 
The intensity of a given reflection will always have contributions, as previously 
stated, from neighbouring Bragg reflections and also from the background. The 
background function can be defined as: 
, [( 28 )_,]m 
Yb' = ~Bm BKP~S Equation 2.11 
Where BKPOS is the background position specified in the input file. 
The contribution of the intensity assigned to the background can be minimized or 
eliminated from the refinement data in one oftwo ways. The first is by estimating 
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the background between certain points by linear interpolation and then 
subtracting; the second, models it as a function of several parameters. The GSAS 
software uses the second method by assigning one of seven background functions. 
Refinement processes carried out in the current research uses the Chebyschev 
background function to which up to 36 coefficients may be assigned and refined. 
2.3.3.4 Scale Factors, SA and Sph 
There are two types of scale factor involved in the refinement of powder data. The 
first, Sh, is the histogram scale factor and it is applied to all the reflections 
observed in all the phases within a data set. The second is the fraction scale factor, 
Sph, which is only applied to reflections in the p'h phase and hence allows the 
quantitative analysis of multi-phase samples. When used in association with Kph 
(the intensity correction factor), the scale factors are proportional to the 
composition of the unit cell of the sample. 
2.3.3.5 The Reflection Profile Function, H 
The reflection profile function compiles instrumental variables. For this, the 
model used in the refinement process should ideally be taken over a wide range of 
26 and should reflect the amount of peak broadening effects by factors such as 
particle size. Reflection profiles are measured at full width half maximum height, 
FWHM, defined by: 
Equation 2.12 
Where U, V and Ware refinable parameters. 
The peak shape can be defined by many types of function. This is because X-ray 
diffraction maxima are very rarely Gaussian or symmetric. Sample broadening 
effects are modelled by the Lorentzian expression: 
y 
H=XtanB+--
cosB 
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where the two terms are associated with strain broadening and particle size 
broadening respectively. 
2.3.3.6 The Intensity Correction Factors, Kph 
Kph can be defined in the following form: 
Equation 2.14 
Where Eph is an extinction correction; Ah is an absorption correction; Oph is the 
preferred orientation correction; Mp is the multiplicity of the reflection; L is the 
Lorentz-polarisation angle dependent correction and Vp is the unit cell volume for 
the given phase. 
2.3.3.6a Extinction Correction, EPh 
The extinction correction for powders is calculated according to the definition 
given by Sabine, Von Dreele and Jorgensen}4.1S It is a combination of Bragg and 
Laue components: 
Equation 2.15 
where 
1 Equation 2.16 
and 
X x 2 5x3 E =1--+---+··' whenx<! 
I 2 4 48 
Equation 2.17 
or 
1 3 
8x 128x2 
15 
.. -] when x >! Equation 2.18 
x is a function of the calculated structure factor, the unit cell volume and the 
coefficient Ex. of which there is a value for each phase in each histogram of a 
sample. The units for Ex are fU112 and thus are a direct measurement of the block 
size in a powder sample: 
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Equation 2.19 
2.3.3.6b Absorption Correction, Ah 
The absorption correction, Ah, is replaced by the terms ABI and AB2 when refining 
data, which uses Bragg-Brentano flat plate geometry such as that carried out in 
this work. The function used in the GSAS suite for the refinement procedure uses 
absorption functions for the effect of surface roughness that is prevalent in Bragg-
Brentano X-ray geometry. The effect of surface roughness can reduce the 
reflection intensity at low scattering angles, caused by the density of packing of 
the sample as a function of depth. Samples, such as those containing highly 
absorbing elements, are more susceptible to these effects, but even those with 
lesser absorption can result in negative temperature factors if this absorption is not 
corrected for. 
For refinements carried out in this work, the absorption correction used was that 
described by Pitschke, Herrnann and Mattem: 16 
Equation 2.20 
2.3.3.6c Preferred Orientation Function, Oph 
The preferred orientation function used in GSAS can take one of two forms. The 
function used in this work was proposed by Dollase and March, 17,18 for use with 
either Debye-Scherrer geometry in neutron work, or Bragg-Brentano geometry 
used in most X-ray diffraction. The refinable coefficient within the definition, Ro> 
gives the sample compression or extension along the axis or preferred orientation. 
Equation 2.21 
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where Aj is the angle between the preferred orientation axis and the reflection 
vector. For flat plate samples, the value of Ro will be less than one for plate like 
crystals, with the reverse being true for needle-shaped crystallites. 
2.3.3.6d MUltiplicity Function, Mp 
The multiplicity factor arises from the number of planes within a crystal that have 
the same spacing. The mUltiplicity factor is an important consideration for 
poly crystalline samples, which consist of mainly randomly orientated crystals. 
Therefore, any given Bragg reflection intensity is dependent on the multiplicity. 
2.3.3.6e Lorentz-Polarization Function, L 
The Lorentz-Polarization function is a combination of the two different factors; 
Lorentz-Polarization and multiplicity. The Lorentz-Polarization factor may be 
defined as: 
L= 1+cos2 2B 
sin 2 BcosB 
Equation 2.22 
The term effectively combines the Lorentz factor and the polarization factor 
which both influence the intensity of the diffracted beam. The Lorentz factor 
considers geometric factors relating to the orientation of the planes in a crystal 
and the polarization factor resolves the un-polarized X-ray source into two 
components, the sununation of which is the total scattered intensity, dependent on 
the scattering angle. This factor is important in all intensity calculations such as 
those utilized within the refinement method. 
2.3.3.7 Structure Factor 
The structure factor, F", describes the influence that the crystal structure of a 
material has on the intensity of diffraction. 19 The structure factor is the sununation 
of contributions from the scattering amplitudes,/. and the phases, lp, of each atom 
within the unit cell and is defined as: 
N 
F = L J, eXPVIPJ ) Equation 2.23 
J.I 
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For each phase shift of an atom, j, in a unit cell, at a particular point from the 
origin (x, y, z) is the sum of the shifts in each direction. Evaluation of the phase 
shift results in the following definition for a unit cell: 
N 
FhkJ = Lf. exp[21li(hxj +kyj +Izj )] 
j-\ 
Equation 2.24 
Where j; is the atomic scattering factor, the level of efficiency of an atom to 
scatter in any given direction; h, k and I correspond to the relevant Miller indices 
of the reflecting plane and x, y and z to the relevant atom coordinates within the 
unit cell. The structure factor allows the calculation or estimation of which 
reflections should occur for a given material and brings about the selection rules 
for individual space groups. For small crystals, such as those present in a 
polycrystalline sample, the intensity of a scattered beam is proportional to the 
square of the structure factor: 
Equation 2.25 
As the intensity of a beam diffracted by all atoms, within a unit cell in a given 
direction and observed in a diffraction pattern, is proportional to Fl, when Fl = 0, 
there is no intensity and therefore, no reflection. The above equation is related to 
perfect crystals. In reality, crystals usually contain surface imperfections and 
defects, which reduce intensity. This is also true oftherrnal motion which disrupts 
the atoms in-plane positions, therefore a correction must be added to the structure 
factor definition to take these into account: 
Equation 2.26 
Thus, the structure factor for any given unit cell becomes; 
Equation 2.27 
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Where nj is the occupation factor for the jth atom. This is equal to one in a perfect 
crystal with no defects, but only when the thermal displacements are isotropic. For 
anisotropic displacement, a more widely used model of thermal effects, the 
displacement takes the form of an ellipsoid, leading to one of a number of more 
involved definitions. For example: 
Equation 2.28 
2.3.3.8 Peak Profile Functions 
Peak shape is dictated by the diffraction instrument. Generally, in both neutron 
and X-ray diffraction the peak shape in CW techniques is pseudo-Voigt and is 
defined by a multi-term Simpson's rule integration.2o 
Both Gaussian and Lorentzian contributions can be refmed. Gaussian 
contributions are calculated using the definition: 
Equation 2.29 
The quantitative assessment of the agreement between the observed and 
calculated profiles is given by reliability indices. These indices are defined by a 
number of reliability or R factors. 
Rp is the reliability profile and can be defined as: 
Equation 2.30 
This can be compared to the reliability index, Rexp, derived from statistical 
considerations. 
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_ (N-P+C) 0 
[ ]
112 
R". - ~W;(l'; Y xlOOVo Equation 2.31 
Where N is the number of observables, P is the number of refinable parameters 
and C is the number of constraints. Rexp is commonly referred to as the R expected 
value. 
The weighted profile can be defined as: 
Equation 2.32 
:I gives a relationship between the R factors that is often used as an overall 
goodness of fit. It is a mathematical definition of the agreement between the 
profile fit of a current data set and that of the expected profile. It can be defined 
as: 
2_[ 1 ]~W(y'_y')2 
X - N +P+C '7" i i ;0 
= [Rwp ]2 
R". 
Equation 2.33 
In refinement using GSAS, progress is usually monitored by the Rp value and the 
i values as well as the convergence times of one set of data to another. 
2.4 Single Crystal X-ray Diffraction 
In single crystal X-ray diffraction the goal is structure solution. The scattering 
pattern produced from a single crystal diffraction experiment is a series of spots 
with differing intensities. The pattern will have a particular geometry, generated 
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by an X-ray travelling in a particular direction. The geometry of the pattern is, in 
turn, related to the unit cell geometry of the crystal and therefore will show the 
distances between the atoms. The pattern will also have a certain symmetry, 
which is related to the cell symmetry and aids determination of factors such as 
space group. The actual intensities of the spots have no relationship to each other 
but do indicate atomic positions within a unit cell. The relationship between the 
crystal and the pattern is termed the Fourier transformation, therefore the pattern 
of dots produced by a diffractometer is the Fourier transform of the crystal. 
2.4.1 The Single Crystal X-ray Experiment 
As discussed previously, single crystal diffraction works on the basis that the 
crystal is mounted in a fixed orientation. The goniometer on which the crystal is 
mounted can have up to three circles of rotation usually noted cp, le and 00. These 
are added to 28 rotation of the detector, hence giving a four circle rotation 
instrument. Figure 2.9 outlines the four circle diffractometer. 
Detector 
Crystal X-ra 
2Sr? 
Figure 2.9 Schematic diagram of the single crystal dilTractometer, showing the 
four circles of rotation, «p, l( and (j) for the crystal and 29 for the detector" 
Intensities are measured one at a time for a four circle diffractometer. Each circle 
is taken to a certain angle in order to satisfy the Bragg's Law and brings the X-ray 
beam to a horizontal position through the crystal. Diffractometers such as the 
Bruker SMART 1000 CCD used in this body of work use an area detector. The 
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four circles of rotation are still used but instead of collecting one data point at a 
time, whole areas of data are collected in one analysis. This saves on experimental 
time and is hence, a more efficient instrument 
2.4.2 Single Crystal Data Analysis 
Once all data are collected, the structure solution process can begin. From the 
Fourier transform obtained, a number of methods may be adopted in order to 
solve the structure, but before the solution process can occur, the data needs to be 
reduced. Corrections are made for instrument-dependent factors that occur when 
data are collected and for partially polarized radiation. The factors, both geometric 
in nature, are termed Lorenz-polarization factors. 
Methods used for solving the structure in a single crystal experiment include 
Patterson methods and direct methods. For this research, direct methods were 
used and therefore Patterson methods will not be discussed. 
Direct methods indicate that the measured intensities are the only factor known 
for which to approximate the reflection phases, although other information is 
available from the electron density, the Fourier transform, being determined. 
Direct methods involve the determination of relationships between the most 
intense reflections. This methodology is time consuming and requires much 
computational evaluation. 
Once an initial structure has been determined, usually at least pertaining to all 
non-hydrogen atoms, the refining process, using a least squares method is adopted 
to finalize the structure. 
2.5 Spectroscopic Techniques 
Spectroscopy arises from the interaction of a sample with an external 
electromagnetic source such as a laser source. By defmition, an electromagnetic 
source contains oscillating electric and magnetic wave fields that point transverse 
to the direction of propagation of the wave. For example, if an electromagnetic 
wave was travelling along the Cartesian axis x, the electric and magnetic fields 
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would be oscillating along the y and z planes. When interaction of radiation with a 
sample occurs, the molecules within the sample are promoted to a 'virtual' higher 
energy state. This is a 'virtual' energy state as promotion to a real higher energy 
requires the molecules to be stationary. 
Interactions occur when incident photons from the electromagnetic field expose a 
molecule to the oscillating electric field. This causes electrons to move back and 
forth and create a dipole moment. It is this oscillating dipole moment that causes 
photons to be emitted from the sample and it is the energy differ~nce between the 
incident and the emitted photons that lead to the production of a spectrum. 
2.6 Solid State Nuclear Magnetic Resonance 
Solid state NMR is a relatively new technique but has the ability to become 
invaluable to the discipline of solid state chemistry covering nearly the entire 
periodic table. 
2.6.1 Principles of Nuclear Magnetic Resonance 
To observe magnetic resonance, monochromated, coherent radiation is generated 
by passing a sinusoidally oscillating current through a coil arranged around the 
sample inside a magnet. The electrons within the coil excite the sample only when 
the frequency satisfies the resonance condition.22 
The basic concept behind NMR is the use of different frequencies and applied 
magnetic fields, in combination, to cause absorption of electromagnetic energy, 
depending on the quantum number (I) of the nuclei. 23 Many atomic nuclei have 
nuclear spin, effectively giving the nucleus the nature of a magnet when applied to 
a magnetic field. Each nucleus has the ability to orientate in 21 + 1 different ways, 
for example atoms with odd mass numbers have spins states such as 112, 3/2 and 
5/2. 
Nuclei with spin \1" such as l3C and I H have two possible orientations. One 
orientation is where the nuclei align with the applied magnetic field, resulting in 
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low energy difference (!:!.E), and the other is an orientation opposing the magnetic 
field, resulting in high liE, according to: 
LlE = hyBr/21T: Equation 2.34 
Where "( is the gyromagnetic ratio which is a proportionality constant and 
essentially measures the strength of the nuclear magnet, and Bo, the applied 
magnetic field. The numbers of nuclei in each spin state (Na corresponding the 
lower energy spin state and Np to that of the higher energy spin state) changes due 
to the strength of the applied magnetic field. The number of nuclei that change is 
governed by the Boltzmann distribution: 
N[/Na = exp(-LlElkT) Equation 2.35 
and that: 
v = yBr/21T: Equation 2.36 
where v represents the resonance frequency, hence the spin state of the nuclei are 
dependent on both the applied field and the nuclei itself. As the nuclei relax after 
the application of the magnetic field, the nuclei generate free induction decay 
(FID) which is the simplest form ofNMR signal. In solution, this FID can either 
be a single exponential function or a combination of a number of functions. In the 
solid state, the FID is characteristically more complex and involves a mixture of 
Gaussian, Lorentzian and Sine functions. 
The general equation for the Hamiltonian describing the interaction of a nuclear 
spin, /, with a field, B, is given by: 
H=-jJ.B=-yj.B Equation 2.37 
Externally applied magnetic fields such as Bo are not the only sources of magnetic 
fields present within a sample. Internal, local sources are also present which, in 
the solid state, can cause line broadening. Those sources include the Hamiltonian 
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operators which describe the most import of these interactions, chemical 
shielding, dipole coupling and quadrapolar coupling. 
Chemical shielding occurs when the nucleus reacts to a secondary magnetic field, 
produced by the electrons which surround it. This secondary field has the 
potential to alter the resonance frequency of the nucleus. This interaction is the 
shielding interaction of which the shift caused by this interaction is termed 
'chemical shift'. 
Dipolar coupling is the interaction of direct nuclear spins through space. This is 
akin to the interaction between pairs of bar magnets, in which each spin creates a 
magnetic field in which to interact with. 
Quadrupolar coupling occurs in nuclei which have spin greater than \1,. These 
nuclei have a nuclear electric quadrupole moment which is able to interact with 
any electric field gradient at the nucleus. This added interaction of electric field 
gradients, as well as the applied magnetic field and all local magnetic fields, 
which can affect the spin energy of the nuclear magnetic interactions. 
The magnetic field Bo is usually orders of magnitude higher than the local fields 
and they are usually negligible. However, components oflocal fields can still have 
an effect on a system if the components are parallel or anti-parallel to the applied 
field, or a system to do play a part in a system where the components, moving in 
the place perpendicular to the applied field at a frequency at or near the Larmor 
frequency: 
Equation 2.38 
Where lVo represents the Larmor frequency, y represents the gyromagnetic ratio 
and Bo is the applied field. The Larmor frequency is defined as the frequency with 
which the magnetization moves about the applied field. 
The local magnetic field can always be defined by the definition: 
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Equation 2.39 
Where Bloc is the local magnetic field, Aloc is the coupling tensor and J is the 
ultimate source of the Bloc magnetic field. 
The different types of local interaction may be defined by their interaction 
Hamiltonians. For chemical shielding, the source of the chemical shift, the 
interaction Hamiltonian, measured in frequency units, is: 
iI =Y/"(j.B 
" 0 
Equation 2.40 
Where I is the nuclear spin and 0' is the shielding tensor. 
In the NMR experiment, the applied magnetic field (Bo) orientates the spins and 
also determines the strength and direction of the electron shielding. 
For dipole-dipole coupling, the interaction may be described, in frequency units, 
by: 
Equation 2.41 
Where the dipolar coupled spin, S, acts as the local magnetic field on spin 1. D 
describes the strength and orientation dependence of the interaction between I and 
S. 
The quadrupolar coupling interaction is slightly different to shielding and dipolar 
coupling interactions as it is an interaction between nuclear electric quadrupole 
moments with an electric field, rather than between nuclear magnetic dipole 
moments and the applied magnetic field. 
Quadrupolar coupling interaction may be expressed as: 
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Equation 2.42 • eQ H = /·v·/ 
Q 2/(2/ -1)11 
Where V is the electric field gradient tensor and Q is the nuclear electric 
quadrupole moment. 
2.6.2 The NMR Spectrum 
The NMR spectrum is measured by the chemical shift, /), the position of the 
absorption signal, relative to a standard, such as tetramethylsilane, universalized 
into parts per million (ppm). The actual units of the NMR spectra would be 
frequency, measured in Hertz, Hz. The universal relative chemical shift units 
allow the transferral and comparison of spectra from different size magnets and 
hence different instruments. It also simplifies the spectra for which a measurement 
in Hz would be large. The position of the signal depends on a number of factors, 
one of which is shielding. 
Shielding occurs when the electrons surrounding a nucleus effectively create a 
secondary magnetic field opposing the applied one. This causes a weakening of 
the field proportionality and therefore the applied field has to be of a higher 
frequency to cause resonance. Shielding causes an upfield shift in the spectrum, 
atoms with low electron density, such as oxygen, cause deshielding and a 
downfield shift in the signal. These shifts are outlined in Figure 2.10. 
Electron acceptors cause 
an downfield shift 
4 
Deshielding 
Electron donators cause 
an upfield shift 
• 
Shielding 
Figure 2.10 The effects ofshielding OD the NMR spectrum 
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Factors such as anisotropy of the chemical bonds also play a role in absorption in 
an NMR experiment 1t bonds are particularly good at influencing downfield 
chemical shifts. One of the most important factors for this researCh will be the 
effect of hydrogen bonding; when the electrons of a hydrogen atom are between 
two electronegative atoms in a hydrogen bond, it effectively becomes deshielded 
and occurs at a lower ppm than expected. 
The factors discussed above will not be entered into in great detail, as the solid 
state analysis carried out in this body of work is of a purely qualitative nature. 
2.7 The Solid State NMR Experiment24 
Before an experiment is carried out, it is important to calibrate the probe, 
especially when moving from one type of nucleus to another. This becomes 
especially important when moving from a quadrupolar nuclei to a spin = Y. 
nucleus. A common secondary standard for a \3C probe is adamantane. The 
instrument dependent factors; setting the magic angle, finding the Hartmann-Hahn 
matching condition (for cross polarization experiments - see section 2.7.2) and 
referencing using the standard, are all designated during this calibration stage. 
The experiments carried out in this research used a technique called cross-
polarization magic angle spinning (CP-MAS). Magic angle spinning is the basis 
behind the majority of solid state NMR experiments. 
2.7.1 The Magic Angle 
The primary task of magic angle spinning is to remove the effects of chemical 
shift anisotropy (CSA) and to assist in the removal of heteronuclear dipolar 
coupling effects. It is also used to narrow lines from quadrapolar nuclei and 
remove the effects of homo nuclear dipolar coupling from NMR spectra using very 
high spinning rates. 
In solution, the rapid tumbling of molecules means that CSA and dipolar-coupling 
are rarely observed as the orientation of molecules is averaged out. Hence, the rate 
of change of orientation is fast enough, compared to the CSA and dipole-dipole 
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coupling to make any effects negligible. They are, however, observed in the less 
dynamic solid state systems. 
The nuclear spin interaction (3cos29-1) relates to the interaction in question , for 
example, 9 would be the angle of the principal z-axis of shielding in the case of 
chemical shielding and the principal z-axis of dipolar coupling interaction in the 
case of dipolar-dipole coupling. 
Figure 2.11 shows three different angles that effect interactions: angle 9, as 
already described, is the angle between the BD and the principal axis of the 
interaction; angle ~ is the angle between the principal axis of the interaction and 
the spinning angle; and 9R is the angle between the applied field BD and the 
spinning angle. Spinning the sample fast enough about the angle ~ , (Figure2.1 1), 
means that the orientation of the nuclear spin interaction varies with time as the 
molecule rotates within the sample. 
" 
, 
, '" 
, 
, 
, 
, 
, 
, 
Spin interaction 
tensor 
Figure 2.11 The magic angle experiment used in solid state NMR. B. is the applied 
magnetic field; ~ is the angle between the axis of the spin interaction and the 
spinning angle; B is the angle between the spin interaction and Bo and BR is the 
spinning angle 
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The relationship between these three angles when a sample is spun about a fixed 
angle can be described by Equation 2.43: 
Equation 2.43 
Hence if eR is averaged to zero, the interaction anisolropy also averages to zero. 
This effect is satisfied at a eR of 54.7°, hence the 'magic angle' . 
In order for a sample to be spun at the magic angle, the samples are placed in 
probes within a zirconia rotor. The sample to be analyzed will determine the size 
of probe, which range from 2.5 mm to 14 mm in outside diameter. The sample 
volume is the first thing to be considered. More defined spectra are obtained if the 
sample is contained within the whole rotor rather then coated to the rotor wall, 
therefore, if the sample amount is small, a smaller rotor should be chosen. The 
rate at which the sample is to be spun will also determine the size, the smaller the 
rotor the higher the spinning speed. The actual spinning speed used will be 
dependent on the nature of the material, typical spinning speeds lie between 4-10 
kHz. Other factors to consider include the signal to noise ratio, the larger the 
rotor, the higher the signal to noise ratio. It is important to weigh up the 
importance of each factor to choose the right rotor for a particular experiment. 
2.7.2 Cross Polarization-Magic Angle Spinning NMR 
The choice of solid state NMR experiment, using different pulse sequences to 
achieve different objective, depends on the information required from each 
sample. The technique can be used to give information on structure, 
polymorphism or morphology for example. Cross polarization NMR takes 
advantage of the dipolar coupling, which occurs between a H-X system, where X 
can be an element such as carbon. Dipolar coupling redistributes the energy of the 
system to the X nucleus. For cross polarization method, it is important to satisfy a 
condition called the Hartmann-Hahn matching condition:25 
Equation 2.44 
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where y is the gyromagnetic ratio of the nuclei and 8 1 is the magnetic field. 
In organic systems where frequency of the homonuclear spin, such as that of 13C, 
is weak and surrounded by a abundance of I H spins, it is necessary to decouple 
these heteronuclear dipolar interactions as they cause line broadening effects, even 
when using a magic angle method. In order to prevent these effects, high-power 
decoupling techniques are used. 
High power decoupling is the simplest technique which removes the effects of 
heteronuclear decoupling. A continuous irradiation of very high power (100-1000 
w) is applied at the frequency of proton resonance. During the irradiation of IH, 
the pulse sequence for the I3C is applied and the free induction decay (FlD) of I3C 
is measured. 
Cross-polarization methods have both advantages and disadvantages. One 
advantage of this method is that the recycle time is dependent on the relaxation 
time of the I H and not the "X, therefore shortening the experimental time. The 
method allows different components within a sample to be examined and also to 
observe the relationship between the nuclei, hence, there is a potential for 
selectivity. However, the selectiv ity also means that nuclei may be over looked. 
This oversight would be disadvantageous. 
0 Decoupling 
Initial90 pulse 
-
Spin lock r----. 
"X 
Contact time f----. Acqu isition of data 
Figure 2.12 Schematic diagram of the acquisition of data using cross polarization. 
The pulse seq uence is initialized by a 90' pulse on the hydrogen, followed by spin 
locking of the hydrogen and the introd uction of the pulse to the "X nucleus. The 
final stage is the acquisition of data before phase cycling 
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If experimental conditions are chosen correctly and the right type of experiment is 
chosen, the spectra produced can give a lot of useful information. The SS-NMR 
spectra outlined in this work were obtained using a Broker Biospin 500 MHz 
magnet. A 4.0 mm MAS BB HI probe was used to collect data using cross 
polarization methods. 
2.8 Optical Raman Spectroscopy26 
Raman spectroscopy is a technique, complementary to FT-Infrared. It is similar to 
FT-IR in as much as it outlines vibrations, produced by the bending/stretching 
motions of the bonds within a molecule. This occurs, as discussed previously, 
when a sample is excited by an external electromagnetic source. 
The principal of promoting photons to higher energy states has already been 
discussed. The majority of molecules and atoms exhibit elastic, or Rayleigh 
scattering. Rayleigh scattering occurs when the incident and emitted photons have 
the same energy. Raman spectroscopy, however, analyses the inelastic scattering, 
where the incident and emitted radiation have differing energies (Figure 2.13). 
Only I in 107 photons exhibit inelastic scattering and hence, inelastic scattering is 
very weak. 
Virtual State 
, , , , , 
Slokes Rayleigh Anti Slokes 
Ground State 
Figure 2.13 Schematic energy diagram of Raman scattering 
Inelastic scattering consists of both Stokes and anti-Stokes scattering. Figure 2.13 
outlines the different energy level differences needed in order to create Raman 
scattering. In order for a photon to exhibit antis-stokes scattering, the incident 
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energy of the photon would have to be higher than the emitting energy. This is 
highly improbable unless the sample is excited before the addition of radiation. 
In rotational Raman spectroscopy, both stokes and anti stokes are exhibited, but in 
Vibrational Raman spectroscopy the anti-Stokes scattering is so small it can be 
ignored. As inelastic scattering is weak, the strength of a dipole moment produced 
is proportional to the electric field as described in Equation 2.39: 
J1ind =aE Equation 2.45 
Where l1ind is the dipole moment, E is the energy from the electric field and a is 
the proportionality constant or the polarizability of a molecule. It is the 
polarizability of the sample that features in Raman spectroscopy and is related to 
the interaction energy by Equation 2.46: 
W=-112aE Equation 2.46 
W, the interaction energy is related by the square of the electric field and is 
governed by polarizability of the sample. Polarizability is the ease at which a bond 
symmetrically distorts by expanding or contracting from a central atom. 
Raman spectroscopy is often used as a complimentary technique to IR due to the 
fact that Raman active molecules do not have to contain a dipole. Therefore, all 
diatomic molecules, both homo- and heteronuclear are Raman active. Figure 2.14 
outlines the differences between Raman active and IR active molecules. 
There are a number of factors that determine the strength of a Raman band.27 
These include the polarity of the molecule, the nature of the vibration, bond order, 
the atomic number of the bonded atoms, the symmetry of the bond and the 
crystallinity of the material. The first of these, polarity, is an example of the 
complimentary nature of the technique to IR. If a molecule is polar, the dipole 
moment localizes the electron clouds and makes change in polarizability difficult, 
resulting in a weak Raman band. However, Raman bands are also weaker for 
stretching vibrations, than bending vibrations, although the strength of the Raman 
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band increases in stretching vibrations with respect to bond order. Raman bands 
are generally stronger with symmetric vibrations in crystalline materi als. 
o c o o ----c ----O 
o c o 
. ) b) 
H------O 
Figure 2.14 Schematics (a) and (b) are Raman active due to change in polarizability 
(symmetric). (c) IR active due to dipole moment (asymmetric) 
Both rotational and vibrational Raman spectroscopy may be carried out but only 
vibrational selection rules will be discussed. 
2.8.1 Vibrational Raman Selection Rules 
Molecules, atomic nuclei connected by chemical bonds, can be pictured as two 
masses connected by a spring. The vibrational frequency o f two masses, 1n l and 
In" can be defined by using thi s analogy and results in the harmonic oscillator 
model;28 
Equalion 2.47 
Where «) is the vibrational frequency, c is the speed of light, k is the force constant 
and 11, is the reduced mass (Equation 2.48). 
Equation 2.48 
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The lesser the elasticity in the bond, the higher the vibrational frequency, 
therefore, the more bonds that are present between molecules, the more rigid the 
bond and therefore the higher the frequency. 
2.8.2 CCD-Raman Instrumentation 
Figure 2.1 5 show a schematic diagram of a standard optical Raman spectrometer. 
Optics lens & 
polarization rotation 
Sample 
Figure 2.15 Schematic of a Raman Spectrometer 
It consists of a laser, the electromagnetic radiation source, various opt ics and 
lenses, a microscope and a spectrograph. Within the spectrograph is a Rayleigh 
scattering filter, to fi lter out the much stronger and more prevalent elastic 
scattering. The remaining Raman scattering passes through a di ffraction grating 
and into a CCD camera. From there, the data are analysed and a spectrum is 
produced. 
The Raman data discussed in this body were collected on a Lab RAM HR800 
spectrometer, supplied by Horiba Jobin Yvon, using a 633 nm HeNe laser, at high 
resolution (1800 grating) . Data were obtained with a laser intensity of 100 % and 
a 50x optical objective. Spectra were obtained using LabSpec 4. 14 software. 
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2.9 Fourier Transform Infrared Spectroscopy (FT -IRl 
FT -IR spectroscopy studies the absorption of electromagnetic radiation, quanta, 
by a sample over a number of wavelengths. When a molecule absorbs energy it is 
elevated to an excited state. Promotion to an excited state can only occur when the 
right amount of energy is supplied, hence, when the radiation is at the right 
frequency.29 This results in the vibration of the molecule or its functional groups. 
In order for the molecule to be infra-red active, a change in dipole moment has to 
occur during this vibration. 
Vibrations anse from changes in both bond angles and bond lengths. Using 
Hooke ' s Law it is possible to estimate the amount of vibration that a bond will 
incur due to the size of the atoms. It is used to analyze which IR vibrations are due 
to which bond by process of isotopic substitution. 
Frequency = J/(27rc)~F Equation 2.49 
Where c is a constant, F is the 'force' or strength of bonding and m is the mass of 
the atoms therefore according to Hooke's Law, the heavier the atoms, the lower 
the frequency; the more bonds between atoms, the higher the frequency. 
/o~ /o~~ 
H H (a) H H 
Figure 2.16 (a) Stretching vibrations of the molecule. (b) Bending of the molecule 
caused by changes in bond angle 
A number of types of vibration occur, the most common being stretching and 
bending, relating to the bond length and bond angle respectively. Figure 2.16 
outlines the vibrations observed for an H20 molecule. 
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In an FT-IR spectrometer, light from a laser source passes through a 
monochromatic prism that selects radiation of a particular wavelength and then 
through the sample. A second beam with a longer wavelength is combined with 
the one that has passed through the sample, to form a complex interference 
pattern. A schematic of an FT-IR spectrometer is shown in Figure 2. 17. 
light 
Sample 
Interferometer 
Spectrum 
Figure 2.17 Schematic diagram of FT-IR instrumentation 
Computational methods are then used to analyze these patterns and transform 
them into a spectrum. This method has advantages over the tradi tional method of 
a direct lR plot; it has greater sensitivity, better resolution, is almost instantaneous 
in its analysis and has the ability to scan the whole spectrum without limitations. 
The FT-IR spectra used in thi s work were obtained using a Perkin Elmer FT-IR 
Paragon 100 PC instrument in conjunction with Spectrum Graph Server software, 
version 1.60. Samples were analysed using pressed caesium iodide discs; lactose 
and caesium iodide were ground in a pestle and mortar, approximately 10 mg of 
lactose to 50 mg of caesium iodide, and pressed to 8 tons using a die. 
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2.10 Thermal Analysis30 
2.10.1 Principles of Thermal Analysis 
Thermal analysis studies properties such as bonding, molecular structure and 
nature of the material. Thermal analysis is an important analysis tool when 
investigating thermal instability and is especially useful when researching 
compounds with unknown properties such as new drugs. 
2.10.2 Thermal Analysis Instrumentation 
There are generally four parts to thermal analysis instrumentation: The sample 
holder, which can be made from fused alumina but is often platinum; the sensor, 
to measure any changes in either heat capacity or mass; a controller to control the 
rate of temperature change or the actually temperature itself; and finally a 
computer to compute all the collected data and form a thermal analysis curve. 
Figure 2.18 shows a basic schematic of a thermal analysis instrument. 
There are a number of thermal analysis techniques that study different properties. 
Two of those will be discussed in this section; Thermogravimetric analysis (TGA) 
and differential thermal analysis (DTA), which have been used as a coupled 
technique. 
2.10.3 Principles ofTGA 
By definition/ i thermogravimetric analysis is a technique in which the mass 
change of a substance is measured as a function of temperature whilst the 
substance is subjected to a controlled temperature program. 
Temperature programs are sample and property dependent. Isothermal 
experiments can study factors such as decomposition as a function of time, non-
isothermal experiments can study factors such as oxidation, as a function of 
temperature. 
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Figure 2.18 Schematic of thermal Instrumentation 
2.10.4 Sample Preparation for TGA 
A number of advantages result from the fact that only small amounts of sample 
are required for TGA (ca. 10 mg). As heat often changes the physical structure of 
materials, the technique is destructive and invasive. By only using small amounts, 
only a fraction of sample is lost, allowing the analysis of the same batch of sample 
by a number of techniques. Also, analysis time is reduced significantly allowing it 
to be more efficient. The only disadvantage is that calibration of the instrument 
prior to analysis is absolutely essential. 
Samples are weighed on a microbalance by suspending an alumina crucible on a 
platinum wire. After taking an accurate weight and inputting that weight into the 
computer, the san1ple is lowered into a furnace which has been previously 
programmed to perform the desired analysis. The run is performed after initial 
cal ibration using known, certified standards such, as indium or zinc. 
2.10.5 Principles of DTA 
Differential thefn1al analysis IS a qualitative technique that has since been 
superseded by the more quantifiable differential scanning calorimetry (DSC). 
DTA uses two sensors, one for the sample and one for a reference. The difference 
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between the signals from these sensors results in the thermal analysis curve. This 
is an effective technique as factors, such as diverse thermal effects, are attributed 
to both sensors and therefore cancel out leaving only signal difference due to 
phase change or reaction. 
DTA differs from DSC in a number of ways. The major difference results from 
the interpretation of signal. In DTA, the difference of the two signals, is 
proportional to that of the temperature difference. Signal difference from a DSC 
experiment, is proportional to the difference in thermal power. 
The thermal analysis used in this investigation, utilised the coupled technique of 
TGA-DTA, carried out on a 2960 SDT v3.0F instrument supplied by TA 
instruments using ca. 20 mg per sample. 
73 
Chapter 2: Instrumentation and Analytical Techniques J. H. Kirk 
REFERENCES 
1 Dann, S. E., Reactions and Characterization of Solids. Royal Society of Chemistry, UK 
(2000). 
2 Bragg, W. H. and Bragg, W. L. Rev. Soc. (1915). 
3 Joint Committee of Powder Diffraction Standards. (2002). 
4 Rietveld, H.G. The Rietveld Method. Young, R. A. (Ed.) Oxford University Press, 
Oxford. (1993). 
5 Rietveld, H. G. Acta Crystallogr. 22 (1967) 151. 
6 Rietveld, H. G. J. Appl. Crystallogr. 2 (1969) 65 .. 
7 Rietveld, H. G. Acta Crystallogr. 20 (1966) 508. 
8 Rietveld, H. G. Acta Crystallogr. 21 (1966) A228. 
9 Malmos, G. and Thomas, J. O. J. Appl. Crystallogr. 10 (1977) 7. 
10 Young, , R. A., Mackie, P. E. and Von Dreele, R. B. J. Appl. Crystallogr. 10 (1977) 
262. 
11 Khattak, C. P. and Cox, D. E. J. Appl. Crystallogr. 10 (1977) 405. 
12Larson, A. C., Von Dreele, R. 8.,2000. General Structure Analysis System (GSAS), 
Los Alamos National Laboratory report LAUR, 86. 
13 McCusker, L. 8., Von Dreele, R. 8., Cox, D. E., Louer, D. and Scardi, P. J. Appl. 
Crystallogr. 32 (1999) 36. 
14 Sabine, T. M. Aust. J. Phys. 38 (1985) 507. 
IS Sabine, T. M., Von Dreele, R. B. and Jorgensen, 1.-E. Acta Crystallogr. A44 (1988) 
374. 
16 Pitschke, W., Hermann, H. and Mattern, N. Powder Dijfrac. 8 (1993) 74. 
17 Dollase, W. A., J. Appl. Crystallogr. 19 (1986) 267. 
18 March, A. Z. Kristallogr. 81 (1932) 285. 
19 Suryanarayana, C. and Grant Norton, M. X-ray Dijfraction, A Practical Approach. 
Plenum Publishing Corporation, New York. 1998, 52. 
20 Howard, C. 1. J. Appl. Crystallogr. 15 (1982) 615. 
21 Clegg, W. Crystal Structure Determination. Oxford Science Publications, UK. (1998) 
22 Hore, J. Nuclear Magnetic Resonance. Oxford Science Publications, UK (1995). 
23 Williams, D. H. and Flemming, I. Spectroscopic Methods in Organic Chemistry. 5th Ed. 
McGraw-HiII Publishing, UK (1995) 
24 Duer, M. 1. Introduction to Solid-State NMR Spectroscopy. Blackwell Publishing, 
Oxford (2004). 
2S Hartmann, S.R. and Habn, E. L. Phys. Rev. 128 (1961) 2042. 
26 Brown, 1. M. Molecular Spectroscopy. Oxford University Press, Oxford. (1998). 
27 Pelletier, M. J. Analytical Applications of Raman Spectroscopy. Blackwell Science, 
Oxford. (1999). 
28 Carter, R. L. Molecular Symmetry and Group Theory. John Wiley & Sons, New York. 
(1998). 
29 Harwood, L. M., Moody, C. J. and Percy, J. M. Experimental Organic Chemistry r 
Edition. Blackwell Science Ltd. (1999). 
30 Haines, P. J. (Ed.). Principles of Thermal Analysis and Calorimetry. Royal Society of 
Chemistry, Cambridge. (2002). 
31 Mackensie, R. C. Nomenclature in Thermal Analysis, Treatise and Analytical 
Chemistry. Elving, P. 1. and Kolthoff, I. M. (ed). John Wiley & Sons, New York 
(1983). 
74 
Chapter 3: Characterisation of Crystalline Lactose 
CHAPTER 3 
Characterisation of Crystalline Lactose 
75 
J. H. Kirk 
Chapter 3: Characterisation of Crystalline Lactose J. H. Kirk 
3.1 Introduction 
Lactose, with the empirical formula CI2HnOll, is made up of a moiety of ~-D­
galactose and a moiety of n- or ~-D-glucose joined by a 1,4 glycosidic bond 
between Cl of galactose and C4 of the glucose unit. The determination of n- or ~­
lactose is dependent on the anomeric centre of the glucose moiety. 
rH 
HO I ". ,0, 
I,.", gal 'l" ",." 
o 
glu ~anomeric 
/" centre 
" . OH 
OH HO 
OH 
OH 
Figure 3.1 The molecular structure of a-lactose 
The breadth of research carried out on lactose has been varied and immense. 
Much emphasis has been given to factors such as the determination of crystallinity 
and amorphous content and the analysis of the different lactose polymorphs 
themselves. The diverse chemical and physical properties known to be generated 
from the different polymorphsl,2,3 affect the use of lactose in food stuffs, flavours 
and additives and its applications in pharmaceutical products such as metered 
dose inhalers (MDIs) and dry powder inhalers (DPIs). Physical chemists, 
pharmaceutical chemists and food scientists have all, therefore, contributed to the 
lactose literature in terms of both the preparative techniques and characterisation 
methodology for each polymorph. Unfortunately, different methods of preparation 
and quality of starting materials have led to a wealth of literature containing 
contradictory information. 
In spite of this contradictory information pertaining to the analysis of lactose, 
there is notable agreement that there are four well-accepted lactose forms: a single 
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hydrated form, a-lactose monohydrate (La.H20) and three anhydrous forms; P-
lactose (LP), stable a-lactose (Las) and unstable hygroscopic a-lactose (LaH). In 
addition, there are some reports of intergrowth structures which contain both 
anhydrous a- and 13- moieties. Hydrogen-bond interactions join the a- and P-
moieties together into one structure and they are referred to as molecular 
compounds oflactose (MCLs).4 It has been shown that MCLs are produced when 
dehydration is carried out in either acidic or alkaline conditions, the first of which 
was performed by Hockett and Hudson in 1931. S Although the material obtained 
was a MCL, the results documented, also showed the first example of anhydrous 
lactose being formed from a solvent. The authors compared it to the double salts 
of inorganic chemistry i. e. where the water and the lactose were acting as two 
separate entities that could be separated by solvent extraction. 
Characterisation of lactose in solution is both challenging and uninformative. 
Typically, solution methods may alter polymorphs by recrystallisation-
mutarotation and hence, alter levels of hydration or anomeric composition. In 
order to ensure the integrity of a polymorph throughout the characterisation 
procedures, demonstrated within this chapter only solid state techniques were 
used to investigate the crystalline materials.6 
3.1.1 a-Lactose Monohydrate 
La.H20 is naturally occurring and a major constituent of mammalian milk. It is 
the parent form of lactose from which all other known polymorphs originate. 
Currently La.H20 is the only single phase polymorph commercially available and 
hence, is the focus of the bulk of the research into lactose characterisation. 
La.H20 has also been the subject of much research in the fields of pharmaceutical 
and materials science. A large amount of current research focuses on the use of 
La.H20 as a drug carrier. La.H20 has been the drug carrier of choice for a number 
of years, largely due to its physiological inertness and its failure to affect the 
bioavailability of drugs used in particularly in inhalation products. 
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An example of work carried out into the effectiveness of lactose as a 
pharmaceutical material was that carried out by Larhrib et al. 7 La.H20 was used 
to investigate the possibility of engineering crystals with specific morphology and 
physical characteristics for use as drug carriers in aerosolised DPIs. La.H20 has 
also been utilised as a model compound in the development of analytical 
techniques. For example, Gombas et al. 8 used La.H20 to carry out work on the 
effectiveness of Near Infrared spectroscopy as a quantitative tool for the 
determination of crystallinity. 
There is a variety of published work on the chemistry of La.H20, although 
contradictory and there is also literature on the subject of the anhydrous anomeric 
equivalent to La.H20; L~. 
3.1.2 p-Lactose 
Although L~ is commercially obtainable, it is currently unavailable as a pure 
single phase. Commercial L~ usually comprises a mixture of L~ and Las, 
observed as a 60~:40a ratio.9 This ratio mimics the equilibrium of lactose in 
aqueous solution at room temperature,IO obtained via mutarotation of a-lactose to 
the more thermodynamically stable ~·form, the mechanism of which is outlined in 
Figure 3.2 which shows the same mutarotation in a-glucose). 
On a small scale, purified poly crystalline single phase L~ can be obtained by a 
number of methods. The first method of crystallisation for L~ was reported by 
Verschuurll in 1928, whereby pyridine was added to a boiling solution of aqueous 
lactose. In 1978, OIano and Riosl2 published a method where the use of 
methanolic sodium hydroxide reportedly produced a 90-93% pure L~ phase. The 
disadvantage of this method was that this only occurred when the moisture levels 
were below 13% (w/v). The authors suggested that the method of L~ production 
was one where the mutarotation from a- to ~- occurred due to the solubility of the 
lactose in the methanol. Other methods of L~ production include those described 
by Buma and Wiegers13 and Parrish et al. 14 ,1' using alcoholic potassium 
methoxide solutions, the latter of which introduced the theory of a solid state 
mechanism where a-lactose was converted to ~-Iactose by a solid-solid 
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transfonnation. Further research on the subject ofL~ was carried out by Olano et 
al. in 1983,16 whereby the authors suggested that neither of the two mechanisms 
originally proposed could account for the crystallisation of L~ lactose from its 
hydrated a-lactose parent material. In reference to organic solvents, it was 
concluded that the behaviour of the lactose was more than just a simple 
crystallisation process and that there was a possibility that both mechanisms of 
dissolution and solid-solid interaction had to be present in order to complete the 
transfonnation of La.H20 to L~. 
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Figure 3.2 Mutarotation mechanism of n- to p-D-Glucose 
In the solid state, research has been carried out using temperature and pressure to 
try and obtain a pure L~ phase. In 1920, Gillis 17 obtained L~ by heating La.H20 
at 125°C in a sealed tube containing water. This method led the way for many 
similar procedures. Sharp and Hand,18 for example, produced L~ by heating 
La.H20 in moisture rich atmospheres in the early 1980's and it was thought that 
the right use of heat and pressure could lead to industrial production of high yields 
ofL~ lactose. 19.20 
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One lactose polymorph that has the potential to be produced in-situ through 
industrial, particularly pharmaceutical, processes such as those for MDIs, is the 
anhydrous a-lactose form. 
3.1.3 Stable Anhydrous a-Lactose 
A number of groups have carried out research on the characterisation of 
anhydrous a_lactose21.22.23.24.2S but some of the most recent research was carried 
out by Figura and Epple26 and Gamier et al.27 In 1995, Figura and Epple26 studied 
physicochemical reasons for the different behaviour of lactose with the aid of 
differential scanning calorimetry (DSC) and temperature resolved X-ray powder 
diffraction (TXRD). In 2002, Gamier et al.27 developed the area further by 
studying the dehydration mechanism of the parent La.H20 with the aim of 
manipulating reactions to form both novel and expected polymorphs. 
The work carried out by Figura and Epple suggested that modification to lactose 
may occur during the drying processes of pharmaceutical products as also 
suggested by Fell and Newton28 and Vromans et al.29 It highlighted a number of 
possible modifications that may occur during the dehydration process: partial 
crystallization of p-Iactose; partial solidification of amorphous lactose; 
dehydration of La.H20. These modifications would all potentially alter the 
physical properties of the lactose and hence have a deleterious effect on drug 
delivery. 
Gamier et al. put forward a comprehensive dehydration mechanism to explain the 
behaviour of La.H20 in order to enable the production of possible novel 
polymorphs of the carbohydrate. This mechanism agreed with previous research 
carried out by Parrish et al.14 that the mechanism was one of solid-solid 
transformation. It was concluded by Gamier et al.27 that the dehydration process 
of La.H20 is one of cooperative departure of water followed by molecular 
reorganisation within the crystal structure. 
There are currently two well accepted methods of dehydration of La.H20 to 
produce Las; soft and hard dehydration. Soft dehydration comprises the use of 
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solvents to draw the water molecules from within the crystal lattice and hard 
dehydration, the use of heating. In earlier literature the terms 'aM', usually applied 
to solvent treated lactose, and 'as', associated with the thermal method of 
formation, have both been associated with stable anhydrous a-lactose form. 14,lO 
The use of different terms imply that different polymorphs are formed from the 
two methods, but research presented here has confirmed the work of Gamier et 
al.27 which showed that these two methods of dehydration produced the same 
lactose form. In this thesis, the chosen term Las is applied to both dehydration 
methods. 
3.1.3.1 Soft Dehydration 
Dehydrating solvents such as primary alcohols have the ability to remove water 
from the La.H20 structure and therefore produce the anhydrous polymorph, Las, 
albeit of varying quality. The crystalline quality of the product is dependent on the 
properties of the solvent. Two of the most researched solvents are methanol and 
ethanol. Their short hydrocarbon chains and hence relatively low boiling points 
(64.6°C and 78.3°C respectively) coupled with their polar nature make their use 
advantageous when considering removal of solvent from the solid phase. Ensuring 
the removal of solvent is essential in order to characterise the lactose material 
without introducing the possibility of forming a solvate. Elemental analysis 
presented here (Table 3.1) confirms the removal of water by both alcohols under 
the conditions outlined and therefore, these are solvents of choice. 
3.1.3.1a Effects of Methanol 
The use of methanol as a dehydrating solvent is well documented with respect to 
lactose.lO,ll For example, in 1978 Bumal2 used methanol crystallization to 
investigate differences between spray-dried and ground lactose. In 1982 Simpson 
et al. II extended work carried out by Hockett and Hudson into the effects of 
acidic alcoholic media on lactose. 
3.1.3.1 b Effects of Ethanol 
Investigation by Lim and Nickerson,lo using ethanol in place of methanol, showed 
that La.H20 was partially soluble in ethanol but only when the moisture content 
of the solution was above 10%. It was concluded that an anhydrous lactose 
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anomer, similar to that produced from methanol, would not be produced from 
ethanol due to its lower solubility in longer chain a1cohols. 
In an industrial capacity, the use of large volumes of solvent to produce the Las 
may not be viable and therefore thermal treatment may be carried out with similar 
results. 
3.1.3.2 Hard Dehydration 
Thermal methods adopted by Gamier et al. in 2002,27 produced either Las or the 
less stable form, LaH, depending on the experimental temperature. The formation 
of Las from La.H20 has been shown, to occur at 160-170°C in air.26 Las was 
prepared by Figura and Epple using quasi-equilibrium dehydration according to 
the methods developed by Nickerson.l4 Unlike the transformation from La.H20 to 
LUH, which is reversible in ambient conditions, once Las is formed, La.H20 will 
only be reformed in exceptional humidity (>50%). 
3.1.4 Hygroscopic Anhydrous a-Lactose 
As the hygroscopic form of a-lactose is unstable, it has no major industrial 
applications and it has therefore, not been as widely investigated as the other 
forms. However, new processing methodologies are constantly being developed 
for the treatment of sugars such as lactose, which could facilitate unwanted 
polymorphic changes to this hygroscopic form. Therefore the need to have a full 
characterisation method for this undesirable polymorph has become of interest. 35 
In-situ X-ray diffraction data of LaH, obtained by Figura and Epple, heated up to 
170°C26 revealed that the product showed the same reflections as the Las form. 
Therefore it can be assumed with high probability that the LaH form is converted 
to the Las form by heating to temperatures above 170°C. DSC data confIrmed this 
hypothesis and therefore showed that, in principle, it should be possible to 
'switch' between the physiochemical properties of the excipients, a factor which 
could be benefIcial with further development. 
One of the most simplistic methods of polymorph discrimination, with respect to 
lactose, is PXD. Although the unit cells comprise the same molecules, the crystal 
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packing is different enough to give different diffiaction patterns and therefore, 
qualitatively, is an invaluable technique. 
3.1.5 Lactose Characterisation by Powder X-ray Diffraction 
The importance of the comprehension of crystallisation processes and 
quantification of crystal forms, observed during the production of pharmaceutical 
products, is increasingly recognised. One of the main analytical tools used, when 
identifying and quantifying crystal forms in tablets, is PXD,36 demonstrated by 
Suryanarayanan and Herman, 37 but this effective technique is not without its 
flaws. As with all techniques, there are advantages and disadvantages, the main 
disadvantages being the influence of preferred orientation of the crystallites, due 
to crystal morphology and the inability to quantify poorly crystalline or 
amorphous material. Preferred orientation is observed when crystals with 
inhibited growth along one or more axes, e.g. needle shaped crystal, has an effect 
on the orientation of the crystal during PXD analysis. The effects of preferred 
orientation are observed as a bias in intensity towards particular reflections. The 
uncertainties in both position and intensity of reflections leaves PXD periodically 
open to misinterpretation, therefore, a range of techniques is required to ensure 
that the characterisation is comprehensive. 
3.1.6 Lactose Characterisation by Spectroscopic Techniques 
A striking advantage that spectroscopic techniques have over PXD is the ability to 
qualitatively analyse a solid phase comprising many components. Theoretically, 
all solid crystalline phases have a unique vibrational spectrum and make 
spectroscopy a useful tool for comparative purposes. However, the complexity of 
the spectra often make the use of the whole spectrum impractical and therefore, 
often, only certain unique bands are used to confirm the presence of individual 
materials. 
3.1.6.1 Optical Raman Spectroscopy 
The use of spectroscopic techniques within the pharmaceutical industry, is 
becoming more and more commonplace.38,39.40 For example, Auer et al. 41 have 
documented research on a range of drug materials, including carbamazepine and 
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mannitol, analysed by Raman spectroscopy. Until recently, FT-IR has been the 
spectroscopic method of choice, with respect to lactose characterisation, with little 
use of the complimentary technique of Raman spectroscopy. However, it has been 
shown that Raman spectroscopy gives much better resolved spectra compared to 
that of its counterpart.42 Raman is a non-destructive technique that is time 
efficient, giving relatively fast results. It is able to distinguish both stable and 
metastable crystal forms, polymorphs and solvates,43,44,45 with a relatively high 
level of accuracy and reproducibility. A number of research groups have 
demonstrated the importance of using this technique in the characterisation of 
both polymorphic and pseudo-polymorphic forms of both drug and 
excipient4o.43,46,47,48 by comparing size and shape of high intensity bands to those 
of reference samples. 
Raman spectroscopy is sensitive to composition, bonding and chemical 
environment of a material, as well as the phase.49 Murphy et aI. 50 showed, both 
qualitatively and quantitatively, that Raman spectroscopy was effective at 
comparing crystalline and amorphous La.H20. It was suggested that Raman 
spectroscopy had further advantages over PXD, as optical methods, such as 
Raman spectroscopy, meant that characterisation of a single particle could be 
carried out, rather than the average characteristics observed for many particles in a 
polycrystalline material. 
3.1.6.2 Cross Polarization-Magic Angle Spinning NMR 
Factors such as mutarotation in solution make techniques such as solid state NMR 
invaluable when characterising lactose. The technique is non-destructive, an 
advantage when investigating small quantities, and provides structural 
information such as that of polymorphism. 51 ,52 Characterisation of pharmaceutical 
solids by solid state NMR has, until recently, been relatively limited, although an 
appreciation for the increased understanding of physical and chemical properties 
of polycrystalline samples, gained by the technique has been developed in the last 
decade or so. 53 Earl and Parrish54 successfully carried out the first NMR study of 
lactose in 1983. The spectra of five different samples oflactose (La.H20, LP, Las 
and two molecular compounds of a- and P-) were colIected using \3C_ IH cross-
polarization-magic-angle spinning (CP-MAS). Several data collections 
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ascertained, without any knowledge of crystal structure, that Las had a much more 
complex structure than that of La.H20. In 1983, solid state NMR was in its 
relative infancy, and since then advantages in the technique (higher field magnets, 
sample environment and advances in programmes) have allowed more highly 
resolved data to be collected and state of the art spectra will be presented on all 
the lactose polymorphs. 
The following body of work presents characterisation of single phase crystalline 
polymorphs of lactose. Techniques were chosen that used common laboratory 
instrumentation which resulted in clear and concise determination of polymorph. 
3.2 Preparation of Polymorphs 
3.2.1 a-Lactose Monohydrate 
La.H20 powder was analysed without purification. Although previous studies 
have reported the presence of an impurity in samples of La.H20,27 this impurity 
was readily identified by PXD by the presence of a reflection at approximately 
18° 29. 55 ,56 This reflection was not present in the X-ray diffraction pattern of the 
starting material used in the current research (Figure 3.3), therefore no purification 
process was undertaken. 
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Figure 3.3 La.H20 PXD patteru. No reflection present at 18° 29 
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3.2.213-Lactose 
L~ was prepared using the La.H20 described in section 3.2.1 as the starting 
material. The method of preparation followed the method outlined by Parrish et 
al. 14•15 whereby La.H20 was refluxed in an eight fold excess (w/v) of 0.014 M 
methanolic potassium methoxide for 3 h. The purity of the L~ compound was 
quantified using GC analysis and concluded to be > 96% pure. 
3.2.3 Stable Anhydrous a-Lactose 
The Las polymorph was produced by two different methods of dehydration of the 
crystalline La.H20 starting material. The first method used solvent mediated 
dehydration. Commercial La.H20 (5 g) was refluxed in either dry ethanol (99.8%, 
50 ml, Fisher Scientific Ltd, solvent dried over 4A molecular sieves) (Method la), 
or methanol (95%, 50 ml, Fisher Scientific Ltd) (Method Ib). The second method 
involved heating where samples of commercial La.H20 were heated to 160°C and 
held for 16 h27 (Method 2). 
Elemental analysis of the above polymorphs, analysed in triplicate, with respect to 
carbon, confirmed that all polymorphs, with the exception of La.H20, were 
anhydrous in character (Table 3.1). Hydrogen analysis was observed to be out of 
the expected range but was negated due to the light nature of the element. 
Table 3.1 Elemental analysis ofstable lactose polymorphs (e.s.d - 0.2% for 9 
_C~ ~C~ _H~ ~H~ 
La.H20 
LI3 
La, (thermal) 
La, (solvent) 
39.8 40.0 6.1 6.6 
41.9 42.1 6.1 6.4 
41.8 42.1 5.9 6.4 
42.1 42.1 6.4 6.4 
3.2.4 Hygroscopic Anhydrous a-Lactose 
Three methods of preparation were used to form the LaH polymorph; the first two 
methods (Methods 1 and 2) used ex-situ methods and the third used an in-situ 
method (Method 3). In Method 1, LaH was formed by heating commercial, 
crystalline La.H20 (FJuka Biochemica) in an oven at 120°C and holding for 16 
h.27 Samples were then transferred to an argon filled environment for storage. 
Method 2 used an in-vacuo technique similar to that of Figura and Epple.26 
Samples of La.H20 were heated to 100°C under vacuum and held for 16 h. In 
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Method 3, LaH samples analysed by PXD were formed in-situ using isothermal 
temperature resolved X-ray diffraction (TXRD), holding a sample of La.H20 at 
120°C for 3 h followed by a 10 h data collection maintaining temperature. 
3.3 Powder X-ray Diffraction Analysis 
All PXD analyses was carried out using a Bruker D8 Advance diffractometer. The 
instrument used monochromated CuKal radiation at A. = 1.5406 A and a position 
sensitive detector (PSD). Samples were mounted on Perspex flat plate sample 
holders unless otherwise stated. Analysis of the 'pure' single phase polymorphs 
(Figures 3.4; 3.8; 3.10; 3.18) used a step size of 0.007° and step time of 5.5 s, 
resulting in data collection time of 10 h. The extended analysis time enabled the 
maximisation of intensity of reflections for structural determination (Chapter 4). 
The remaining diffraction patterns, where no structural determination was 
necessary, were collected using a step size of 0.014° and step time of 0.48 s, 
resulting in a 20 min data collection. 
3.3.1 a-Lactose Monohydrate 
The PXD pattern of La.H20 has been known for a number of years. Data 
documented by the JCPDSS7 database shows that patterns reported by Folens8 
concur with current data, presented in Figure 3.4. 
The diffraction pattern shows overlapping major reflections between 19 - 22 ° 29. 
Specific reflections occur at 19.9° 29 (d = 4.27 A; 100% relative intenstity (r.i.»; 
19.06° 29 (d = 4.65 A; 41.4% r.i.); 19.5° 29 (d = 4.55 A; 28.4% r.i.) as outlined in 
Table 3.2. 
Table 3.2 Major reflections of the La.H20 PXD pattern. Relative intensities above 
5%. 
Angle 
20° 
12.445 
16.312 
19.059 
19.473 
7.107 
5.430 
4.653 
4.555 
9.3 t 
4.8 t 
41.4 
28.4 
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Angle 
(20°) 
19.902 
20.765 
21.146 
37.472 
d-spacing 
(A) 
4.274 
4.274 
4.198 
2.398 
Int. 
(Count) 
172013 
14382 
32102 
20125 
Int.% 
(%) 
100.0 
8.4 
18.7 
11.7 
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Figure 3.4 PXD of La.H20. Observed major reflection at approximately 19,9' 20 
The major reflections referenced above are the key characteristics of the La. H20 
PXO pattern, combined with the pattern shape itself. The full width-half height 
maxima (FWHM) of the La. H20 reflections are approximately 0.40 29, compared 
to 0.1 0 29 for a quartz standard on this 08 diffractometer indicating a lower level 
of crystallinity compared to the quartz. However, for a complex monoclinic 
organic structure, the pattern reflects a highly crystalline material. The pattern 
contains a high degree of overlap, again, due to the relatively complex nature of 
the monoclinic space group to which La. H20 belongs. 
3,3.1.1 Thermal Stability of a -Lactose Monohydrate 
The thermal stability of La. H20 can be analysed using a number of techniques 
including PXD. Thermogravimetric analysis is included in this section as a 
comparative analysis to that of PXD. With respect to PXO analysis, there is a 
relatively strong overlap between the thermal stability of La.H20 and LaslLa H 
formation due to the preparation methods of the latter two polymorphs. 
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3.3.1.1a Analysis by Thermogravimetric Analysis 
La. H20 (- 20 mg) was analysed using a TA Instruments 2960 SDT v3.0F 
instrument. The temperature program was set between 10 and 300°C with a 
temperature increase of 5°C min-I . 
The TGA results (green) showed an approximate weight loss of 5% occurred CG. 
150°C and a continuous steady loss CG. 212°C. These two weight losses represent 
the loss of water at 150°C and the melting of the sugar at 212°C, respectively, the 
latter shown by the lack of stabilisation of the weight. 
The DTA results (red) are comparable to that of results documented of differential 
scanning calorimetry (DSC) investigations in previous work26 showing two 
endothermic processes. The temperature difference of approximately -0.1 O°C mg-' 
occurred at the expected values of 150°C and 212°C, concurring with TGA 
results. The results are confirmed by the derivative weight analysis (blue). 
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Figure 3.5 TGA-DTA of La.H20, outlining tbe TGA trace (green); the DTA trace 
(red) and tbe derivative trace (blue). Heating range: 30-300°C. 
Heating rate: 5°C min-'. 
In conclusion, the loss of the single hydrate molecule from the La.H20 is clearly 
observed in the TGA analysis showing that dehydration occurs at approximately 
150°C. 
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3.3.1.1b Analysis by Temperature Resolved X-ray Diffraction 
TXRD was used to analyse the initial molecular behaviour of La. H20 when 
exposed to temperature. An Anton Parr HTK 1200 high temperature sample stage 
was fitted to the D8 instrument and I h analyses were collected between 400 e and 
180°C in lOoe increments. 
The TXRD data collected shows two definitive phase changes. The La.H20 is 
shown to be stable up to temperatures 0 f - I lOoe , a temperature well documented 
to force a phase change to the LaH• 26, 27 
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Figure 3.6 TXRD of La.H,O, 40-J80°C (Heating in lOoe increments with a data 
collection time of 1 h). Phase changes can be noted at - 120oe and 1600 e indicating 
dehydration and melting respectively. 
It has been documented many times26,27,3 1 that a polymorphic phase change occurs 
in La.H20 between 160-170oe. Examination of the sample post-heating showed 
that the sample underwent melting rather than a crystalline phase change. From 
the aspect of the bulk properties of the lactose materials, it was assumed that the 
sample size and preparation appeared to influence the rate of the phase changes 
which occurred. The depth of the samples used for TXRD ana lysis is 
approximately 2mm with a sample diameter of approximately 10 mm. The sample 
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holder therefore dictates a high surface area:volume ratio for the sample during 
thermal treatment. It is likely that this is theoretically responsible for the melting 
of the sample. This mechanism will be discussed further in later sections (section 
3.3.3). 
3.3.1.1 c PXD Analysis 
Figure 3.7 shows the diffraction patterns obtained after heating individual La. H20 
samples under atmospheric conditions in an oven. The diffraction pattern showed 
that after only I h, a phase change has occurred at 120°C. 
These results confirm the two documented phase changes, unlike the TXRD 
ana lysis, with the formation of a phase at 160°C being well defined. These 
observations will be discussed in later sections (sections 3.3.3-3.3.4) 
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Figure 3.7 Thermal stability of La.H20 - PXD. 
Isothermal furnace heating, prior to room temperature data collection, shows phase 
changes at 120°C and 160°C with the third phase being stable up to 180°C. 
On extending the heating period to 4 h, the intensity for the reflections decreases, 
indicating that the sample appeared to break down and become more amorphous 
as the surface particles began to melt. These results were found to be reproducible 
when analysed in triplicate. 
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3.3.2 p-Lactose 
The PXD pattern of LP is characteri stically very di fferent to that of La.H20 . In a 
similar way to the La. H20 polymorph, much analysis of LP has been carried out. 
The first documented PXD data were collected in 1967 by Buma and Wiegers. IJ 
Data presented here confirm previous PXD analysis documented by the JCPDS, 
carried out by Folen$8 
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Figure 3.8 PXD of ~-Iactose. Major renection at approximately 20° 20. 
The major reflections of LP are fo und between 10.0-23.0° 29, a similar region to 
the major reflections of La .H20 . The five major reflections are relatively sharp 
indicating high crystallinity (average FWHM = - 0.270°), and have 29 values of 
20.90° 29 (d =4.25 A; 100% r.i); 19.04° 29 (d = 4.66 A; 49.2% r. i) and 10.47° 29 
(d = 8.44 A; 35.1 % r.i .), subject to zero point error and preferred orientation. 
Single crystal X-ray diffraction data 59 obtained from the Cambridge Structural 
Database concur with the experimental results presented here. When comparing 
the LP PXD pattern with other polymorphs, the most notable reflection, unique to 
the LP material, is that which is observed at approximately 10.4° 29. 
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Table 3.3 Major reflections observed for the LP polymorph, relative intensities 
above 5%. 
Angle d-spacing Int. Int.% Angle d-spacing Int. Int.% 
~2eol ~Al ~Countl ~%l ~2eol ~Al ~Coun'l ~%l 
10.470 8.442 15772 35.1 24.925 3.570 3118 6.9 
15.524 5.704 2443 5.4 25.360 3.509 5548 12.3 
17.506 5.062 2584 5.8 25.455 3.496 7588 16.9 
17.602 5.035 3363 50.2 26.671 3.340 2350 5.2 
19.038 4.658 11 705 49.2 27.544 3.236 2342 5.2 
19.710 4.501 2824 6.3 27.969 3. 188 5843 13.0 
19.806 4.479 3716 8.3 3 1.450 2.842 6225 13.9 
20.645 4.299 30369 67.6 31.643 2.825 6132 13.6 
20.899 4.247 44927 100.0 36.229 2.477 2520 5.6 
22.28 1 3.987 2853 6.4 36.485 2.46 1 4984 11.1 
23 .638 3.76 1 8069 18.0 37.407 2.402 2483 5.5 
23.9 13 3.718 5 11 3 11.4 38.745 2.322 2770 6.2 
24.570 3.620 4431 9.9 
3.3.2.1 Thermal Stability of p-Lactose 
T he temperatures investigated appeared to have little effect on L~. T he re were no 
m odifications to PXD patterns of the ~-Iactose that could not be explained by zero 
point error o r thermal expansion, both expected effects of temperature . L~ appears 
to be stable at 180°C, approximately 20°C below its me lting point. 
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Figure 3.9 Thermal stability of LP - PXD. 
Isothermal furnace heating, prior to room temperature data collection, shows 
outlining stablility of the phase up to 180°C. 
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3.3.3 Stable Anhyd rous a-Lactose 
As previously discussed, Las can be produced usmg different dehydration 
methods. These di fferent methods will be dealt with individually and comparisons 
drawn. 
3.3.3.1 Method 1 - Soft Dehydration 
The PXD patterns resulting from the parallel dehydration from methanol and 
ethano l will be discussed in the fo llowing sections. 
3.3.3.la Method la -Methanol Dehydration 
The diffraction pattern for methanol mediated dehydration, showed marked 
differences to that of the La.H20 pattern, a lthough the maj or re fl ections 
overlapped in the same region, \ 9-22029. 
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Figure 3.10 PXD pattern of Lus- methanol dehydration 
There is a s light amorphous hump at the beginning of the pattern most likely due 
to scattering of the poorly crystalline sample holder at low 29 angles. The major 
refl ections fo r the methanol mediated Las are outl ined in Table 3.4 
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Table 3.4 Major renections observed for the Lus polymorph, prod uced by metha nol 
mediated deb;rdration, relative intensities above 5%. 
Angle d-spacing 1nl. Inl.% Angle d-spacing 1nl. Inl.% 
~26°l ~Al ~Countl ~%l ~26°l ~Al ~CounQ ~%l 
8.899 9.929 3886 5.1 23. 110 3.846 25702 33.6 
12.249 7.220 15104 19.7 23 .714 3.749 6311 8.2 
13.448 6.579 5516 7.2 24.880 3.576 53 17 6.9 
13.980 6.330 6816 8.9 26.843 3.319 16347 21.4 
17.931 4.943 37568 49.1 27.078 3.290 27943 36.5 
18.472 4.799 14605 19.1 28.208 3.161 101 99 13.3 
18.989 4.670 35660 46.6 32.441 2.758 64 10 8.4 
19.335 4.587 76527 100.0 33.621 2.758 6 159 8.0 
19.615 4.522 27780 36.3 35.793 2.663 12262 16.0 
20.865 4.254 29106 38.0 36.395 2.507 6400 8.4 
21.134 4.200 17179 22.4 38.925 2.3 12 5261 6.9 
There is a s li ght amorphous hump at the beginning of the pattern most like ly due 
to scattering of the poorly crystalline sample ho lder at low 28 angles. The major 
reflections for the methanol mediated Las are outlined in Tab le 3.4 
3.3.3.1b Method Ib - Ethanol Dehydration 
The pre parative method for the produc tio n ofthe ethanol mediated polymorph was 
analogous to that of methano l. There were c lear indications that these two 
preparative methods led to the same polymorph. 
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Figure 3.11 PXD pattern of Lus- ethanol dehydrat ion 
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The results presented in this work disagree with Lim and Nickerson/ o who 
suggested that the same polymorph should not be obtained by treatment of 
samples with ethanol as with methanol. The PXD analysis shows that treatment 
with methanol does result in a higher level of crystallinity as the reflections are 
sharper and more well-resolved, the FWHM of the major reflection of the 
methanol mediated sample, 18.629 - 20.286° 29, is 0.28l ° compared to that of 
0.343° in the product formed by ethanol, but the reflections occur at the same 29 
angles. This higher level of crystallinity was concluded to be due to the higher 
solubility of lactose in methanol. The solubility oflactose in methanol allowed the 
recrystallisation to occur throughout the material. The insolubility of lactose in 
ethanol meant recrystallisation had a tendency to occur on the surface of the 
particles only. 
One reflection of interest is that which occurred ca. 17.9° 29. The relative 
intensity of this reflection, a reflection unique to the Las polymorph but is 
consistent with the impurity reflection previously observed in La.H20.27 This 
re flection is notably different between the products formed from the two alcohols. 
The different relative intensities suggest a preferred orientation within the 
polycrystalline sample. 
Table 3.5 Major reflections observed for the Lns polymorph, produced by ethanol 
deh;rdration, relative intensities above 5%. 
Angle d-spacing Int. Int.% Angle d·spacing Int. Int.% 
128°l IAl ICounQ I%l 128°l IAl ICounQ I%l 
12.284 7.1 99 1820 18.2 2 1.158 4.196 1605 16.0 
13.491 6.558 525 5.2 23. 138 3.841 1933 19.3 
14.0 16 6.313 618 6.2 26.927 3.308 1772 17.7 
17.967 4.933 2238 22.4 27.113 3.286 2065 20.6 
18.534 4.783 2091 20.9 28.255 3.156 806 8. 1 
19.048 4.656 5537 55.3 35.857 2.502 1103 I 1.0 
19.365 4.580 10006 100.0 36.417 2.465 503 5.0 
20.892 4.249 2832 28.3 
3.3.3.2 Method 2 - Hard dehydration 
With reference to existing PXD data, the JCPDS has a number of different 
patterns attributed to 'anhydrous lactose' which covers those of molecular ratios 
such as 5:360 or I :44 a:~, and that of single phase 'a-Iactose,61 none of these 
patterns concur with either previous work carried out by research groups such as 
Gamier et al. 27 or the data presented here. 
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The initial sample formed by thermal methods was beige in colour, the browning 
effect most likely due to the melting of the surface crystals wi thin the powder, 
leading to a glassy product. 
Similar to prevIous samples, and indeed, most PXD data, the lower angle 
reflections are the distinguishing featu res of the pattern. The major reflections are 
less well resolved than that of the parent La. H20 pattern but occur wi thin the 
same region, 10.0-23.00 29. The major reflections are observed with d-spacings of 
4.629 A (100% r.i.), 4.655 A (- 56% r.i .), 4.249 A (- 28% r.i.), 4.933 A (- 23% r.i.) 
and 4.783 (- 22% r.i .) . The latter two reflections are !he characteristic reflections 
of the Las polymorph, although their intensity is relatively weak. 
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Figure 3.12 PXD pattern of Las - thermal dehydration 
Although the major shape of the diffraction pattern is similar to that of the product 
formed from solvent mediated methods, there are a number of re flections that 
appear in this diffraction pattern that are absent in previous samples (The large 
background observed between 7-11 0 2e can be attributed to the presence of a level 
of glassy amorphous material within the sample). The low intensity reflection at 
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12.90 26 is not apparent in the PXD pattern of La. H20 and can therefore not be 
attributed to remaining starting material. Another more intense reflection 
anomolous to that of the solvent mediated methods occurs at 19.90 26. This is a 
coincident re flection with that of the major reflection of La. H20 and indicates that 
the mechanism of open heating dehydration may not form the pure Las phase. 
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Figure 3.13 PXD pattern of Las, bottom layer - thermal dehydration, anomalous 
renection of thermal analysis highlighted in the surface layer 
Table 3.6 Major renections observed for the Las polymorph, produced by thermal 
dehydration, relative intensities above 5%. 
Angle d-spacing 1nt. 1nt.% Angle 
(290 ) (A) (Count) (%) (290 ) 
7.906 11.1 73 1463 20.4 23.253 
12.208 7.244 111 6 15.5 23 .858 
12.379 7.144 1569 2 1.8 24.877 
12.920 6.846 379 5.3 26.192 
13.579 6.516 516 7.2 26.331 
14.109 6.271 67 1 9.3 27.042 
18.069 4.905 1939 27.0 27.224 
18.547 4.780 2202 3 1.6 27.777 
19.045 4.656 479 1 66.7 28.350 
19.457 4.558 7187 100.0 32.613 
19.917 4.454 4566 63.5 34.96 1 
20.979 4.23 1 2 14 1 29.8 36.499 
2 1.260 4.176 1257 17.5 39.074 
22.023 4.033 693 9.6 
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When a sample of lactose, or indeed any sugar, is heated in air, a hard, yet brittle 
surface layer is formed, caused by the melting of the surface particles. This 
process occurs so rapidly that these particles can not undergo dehydration and a 
surface crust of sugar forms. This revelation led to the investigation of the 
powdered material below the molten surface layer (Figure 3. 13) and its 
comparison with an unseparated sample. 
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F igure 3.14 PXD pattern o f the Las material beneath the surface layer, formed by 
therma l d ehydration 
Table 3.7 M ajor reflections observed for the bottom layer of the Las polymo rph 
when ~roduced br thermal dehr dra tion, rela tive intensities a bove 5% . 
Angle d-spacing Int. Int.% Angle d-spacing Int. In t.% 
POO) lA) ICoun!) 1%) 120°) lA) ICoun!) 1%) 
12.363 7.154 1497 19.7 23.225 3.827 1434 18.9 
13.57 1 6.519 54 1 7.1 24.887 3.575 508 6.7 
14. 101 6.275 6 13 8.1 26.082 3.4 14 4 16 5.5 
18.050 4.91 1 1868 24 .6 26.250 3.392 469 6.2 
18.567 4.775 2045 26.9 27.04 1 3.295 142 1 18.7 
19.073 4.649 4480 58.9 27.205 3.275 1424 18.7 
19.439 4.563 7607 100.0 27.866 3. 199 396 5.2 
19.722 4.443 3872 50.9 28.303 3.151 653 8.6 
19.967 4.23 1 2454 32.3 35.940 2.497 1023 13.5 
20.979 4.1 76 2184 28.7 36.467 2.462 588 7.7 
2 1.262 4.038 1099 14.4 37.683 2.385 4 16 5.5 
21.992 3.827 382 5.0 39.051 2.305 584 7.7 
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It can be observed that the partially amorphous material did form a protective 
barrier from the harsh conditions and allowed the remaining material beneath this 
surface to dehydrate slowly and completely. This hypothesis was confirmed by a 
duplicate PXD analysis of the two layers, the surface layer and material that was 
below the protective molten sugar layer, the bottom layer. It was observed that the 
powder beneath the surface (Figure 3. 14) had an identical PXD pattern to that of 
solvent mediated sample (Figure 3.10), thus confirming that the two dehydration 
methods form the same polymorph leading to the generic terminology of Las for 
the single phase stable a-lactose polymorph irrespective of preparation method. 
3.3.3.3 Thermal Stability of Stable Anhydrous a -Lactose 
Figure 3.15 shows that heating has little effect on the anhydrous polymorph, 
previously produced using solvent mediated methods of dehydration. There 
appears to be no phase changes between this polymorph and its amorphous 
counterpart formed on melting. 
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Figure 3.15 Thermal stability of Las - PXD 
Isothermal furnace heating, prior to room temperature data collection, outlining the 
stability of the Las phase up to 180°C 
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Crystallographically, it is unlikely that a stable form of anhydrous lactose would 
alter its conformation dramatically due to the rigidity of the structure. It is 
expected that the crysta l lattice would collapse and become amorphous. 
3.3.4 Hygroscopic Anhydrous a-Lactose 
Characterisation of the LaH polymorph by PXD analysis was investigated using 
the three methods outlined in section 3.2.4. 
3.3.4.1 Method 1 - 120°C in Air 
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Figure 3.16 PXD pattern of LaH - 120°C in air 
It has been documented that LaH lactose is formed when La.H20 is heated in air 
at temperatures between IIO-140°C. Figure 3.16 outlines the results of PXD 
analysis for this method. The PXD pattern shows a large amount of noise. This is 
indicative of low crystallinity. 
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Table 3.8 Major reOections observed for the La" polymorph, produced by heating 
in air at 120°C, relative intensities above 5%. 
Angle d-spacing Int. Int.% Angle d-spacing I nt. Int.% 
~2eol ~Al ~Countl ~%l ~2ool ~Al \Countl \%l 
7.758 11.387 423 20.1 24.389 3.647 108 5.2 
11 .659 7.584 172 8.2 25.201 3.531 133 6.3 
12.503 7.074 302 14.4 25.413 3.502 338 16. 1 
16.295 5.435 114 5.4 26.176 3.402 149 7. 1 
17.014 5.207 107 5.1 29.402 3.035 293 13.9 
17.93 1 4.943 271 12.9 29.6 19 3.0 13 3 13 14.9 
18.589 4.769 573 27.3 30.351 2.726 140 6.7 
19.106 4.642 1825 86.8 33.630 2.663 124 5.9 
19.604 4.525 662 31.5 33.806 2.649 170 8.1 
19.987 4.439 2103 100.0 34.567 2.593 192 9.1 
20.625 4.303 944 44.9 34.741 2.580 3 11 14.8 
21.434 4.142 1778 84.6 36.164 2.482 2 18 10.4 
22.367 3.972 11 6 5.5 36.902 2.434 205 9.8 
22.777 3.901 122 5.8 37.546 2.394 233 I I. I 
23 .698 3.75 1 407 19.3 38.063 2.362 175 8.3 
24 .188 3.677 154 7.3 39.1 99 2.296 139 6.6 
3.3.4.2 Method 2 -[II-vacuo at 100°C 
The sample of LaH phase that was formed in-vacuo was expected to contain a 
higher level of crystallinity than it's open air counterpart due to the dryness of the 
atmosphere and other influences such as melting the sample surface . 
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Figure 3.17 PXD pattern of La" - 11/ vacllo at 100°C 
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T he amorphous hump, observed between 5-11 ° 29 in Figure 3.17, is attributed to 
the presence of the Mylar film. Mylar is a plastic film used to keep unstable 
samples airtight during X-ray diffraction analysis. With the exception of this 
noted amorphous hump, there was not detrimental interference with the LaH 
diffraction pattern from the Mylar film as all major LaH reflections are observed 
at higher 29 angles. 
Table 3.9 Major reOections observed for the La,. polymorph, produced by il,-vacuo 
methods at 100°C, rela tive intensities above 5%. 
Angle d-spacing Int. Int.% Angle d-spacing Int. In t.% 
(2e~) CA) (Count) (%) (2eOl (Al (Counll (%l 
8.234 10.72932 3034 71.1 29.366 3.03899 713 16.7 
11.670 7.57678 290 68 29.553 3.02024 695 16.3 
12.437 7.11159 494 11.6 30.230 2.95408 451 10.6 
17.808 4.97339 52 1 12.2 32.628 2.74224 225 5.3 
18.533 4.78375 4924 45.1 33.69 1 2.658 12 48 1 11.3 
19.047 4.65574 4267 100.0 34.473 2.58506 744 17.4 
19.9 17 4.45432 1778 41.7 35.690 2.5 1371 246 5.8 
20.57 1 4.31403 2232 52.3 35.833 2.50394 435 10.2 
21.39 1 4.15062 3740 87.7 36.062 2.48861 553 13.0 
23.675 3.75506 700 16.4 36.220 2.478 12 493 11.5 
24. 176 3.67833 503 11.8 36.324 2.45171 367 8.6 
24.585 3.6 1809 305 7.1 37.916 2.37 107 514 12.0 
25.319 3.5 1480 548 12.9 39.142 2.9960 571 13.4 
3.3.4.3 Method 3 - In-situ at 120°C 
T he resul ts of TXRD analysis of La. H20 (Figure 3. 6) showed that LaH was 
formed in-situ w he n a sample of the hy drated lactose was heated to 120°C. T he 
results for the heating of La.H20 at 120°C are given in Table 3.10 and Figure 
3 .1 8. 
Table 3.10 Major reOections observed for the La" polymorph, produced by ill-situ 
methods a t 120°C, relative intensities above 5%. 
Angle d-spacing Int. Int.% Angle d-spacing Int. Int.% 
(2eOl (Al (CounQ (%l (2eOl (Al (Countl (%l 
7.555 11.693 3263 10.4 I 2 1.508 4.128 26297 84.0 
11.745 7.529 6480 20.7 23 .781 3.739 2664 8.5 
12.588 7.027 12001 38.3 24.289 3.661 1739 5.6 
18.026 4.917 3262 10.4 25.490 3.492 20 13 6.4 
18.620 4.762 13868 44.3 29.429 3.033 16 11 5.1 
19. 158 4.629 31302 100.0 29.653 3.010 1851 5.9 
20.016 4.433 8092 25.9 34.704 2.583 1698 5.4 
20.692 4.289 12869 41.1 
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Figure 3.18 PXD pattern of La" - / I/-Sitll at 120°C 
3.3.4.4 Method Comparison 
The PXD patterns for Lafh presented in Figures 3.16-3.18, indicate a different 
crystal structure to that of its counterparts. The three methods above agree that the 
major reflections of LaB occur in two regions of the diffraction pattern; between 
11.5-13.0° 2e and 18.0-22.0° 2e. Individual reflections include those with d-
spacings of 4.629 A (100% r.i.), 4.128 A (- 83% r.i .), 4.76 1 A (- 46% r.i .), 4.289 
A (-44% r.i .) and 4.433 A (- 30% r.i .). These reflections were also observed by 
Gamier et al. ,27 but not however by Figura and Epple in 199526 or Platteau et al. 
in 200435 In fact, Figura and Epple concluded, by PXD analysis, that the 
transition between La.H20 and LaH occurred too quickly to allow structural 
rearrangement and hence, the structure of La. H20 was preserved. The data 
presented here clearly show that it is not the case and implies that collected data 
were that of samples that either had not undergone complete reaction or had been 
allowed to partially rehydrate. Plattaeu et al. stated in previous literatureJ5 that 
thi s polymorph cannot exist in a pure form due its unstable nature, instead it 
existed as a mixed phase of LaH and La.H20 . The above patterns disagree with 
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this hypothesis. There is no indication of a second phase being present. With 
regards to amorphous content, the pattern shows a high level of background noise 
attributed to a level of non-crystalline material but the major reflections occuring 
between 18-22° 29 show a level of crystallinity within the phase. 
Comparison of the diffraction patterns for the different methods show that 
methods result in the formation of Lu,.,. The in-vacuo and in-situ methods give a 
more crystalline product with higher intensity reflections. The effects of prefemed 
orientation of the effective two-dimensional morphology (section 3.8) are 
observed between the in-vacuo and in-situ PXD patterns compared to the pattern 
resulting from heating in air. The preferred orientation effects were particularly 
notable in the major reflections. 
3.3.4.5 Stability of Hygroscopic a-Lactose in Air 
Figure 3.19 outlines the PXD patterns obtained from LUH samples left in air at 
room temperature. 
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Figure 3.19 Stability of La" in air at room temperature. 
The PXD patterns outline the instability of the La" phase when exposed to air. 
Rehydration begins almost immediately as outlined by the pattern at 0 h which is 
indicative of the La. H20 phase. 
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Due to the hygroscopic nature of the polymorph, PXD analysis was used to 
qualitatively determine the rate of rehydration of the LaH in air over a period of 12 
h (Figure 3.19).Figure 3.19 shows that even after only 0.5 h, the rehydration 
process has been initialised. The reflections become less well resolved and after a 
period of 2 h, characteristic reflections of the La).) polymorph are no longer 
present within the sample. By comparing Figure 3. 19 with that of the pure phase 
La. H20, Figure 3.4, it should be noted that at the same time, there was indication 
that the La. H20 phase was returning. 
3.3.5 Summary of Lactose Characterisation by PXD Analysis 
A comparison between all four lactose polymorphs may be observed in Figure 
3.20. All polymorphs have a distinct PXD pattern allowing ease of identification 
using this particular characterisation method 
Lns 
• • 
2-TIM:la • Sc3le 
Figure 3.20 Comparison of PXD patterns of lactose polymorphs 
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Table 3.11 Comparison of d-spacing and 28 values of reflections (>5% r.i) of lactose 
~o l.l'mor~hs 
La. H20 L~ La, LaH 
2 e (0) d-spacing 20(°) d-spacing 2 e (0) d-spacing 2 e (0) d-spacing !Al (A) ~Al !Al 
12.42 7. 12 1 10.55 8.377 8.96 9.849 7.60 11.62 
16.28 5.440 13.29 6.658 12.29 7.199 11.75 7.528 
16.97 5.22 1 15.63 5.667 13.49 6.558 12.59 7.027 
19.04 4.657 17.69 5.009 14.01 6.3 14 14.79 5.984 
19.48 4.554 19. 14 4.633 16.82 5.267 18.03 4.9 16 
19.88" 4.462 19 .5 7 4.532 17.97 4.933 18.62 4.761 
20.73 4.281 19.9 1 4.460 18.54 4.783 19.1 6" 4.629 
2 1.12 4.204 20.73 4.282 19.05 4.655 20.02 4.433 
22.69 3.916 20.99 " 4.229 19.37 " 4.580 20.69 4.289 
23.67 3.756 22.37 3.97 1 20.89 4.249 2 1.51 4.128 
25.16 3.537 23 .73 3.747 2 1.16 4. 198 23 .02 3.860 
25.50 3.490 24.98 3.709 22 .55 3.939 23.78 3.738 
26. 11 3.4 10 24.66 3.607 23.14 3.84 1 24.29 3.66 1 
27.39 3.254 25.00 3.558 23.75 3.744 24.71 3.601 
28. 13 3. 170 25.55 3.483 24.87 3.577 25.49 3.492 
28.39 3. 14 1 26.74 3.332 26.03 3.42 1 27. 15 3.200 
28.08 3. 176 26.96 3.305 29.66 3.010 
28.35 3. 145 27. 11 3.286 
"Major Reflections 
3.4 Optical Raman Spectroscopy 
Samples were analysed using a LabRAM OIOHR instrument and a 633 nm laser, 
at high resolution (1800 grating). Data were obtained with a laser intensity of 
100% intensity using a SOx objective and spectra manipulated using LabSpec 4.14 
software. Each sample spectrum was collected in a multi-scan series within a 
range ca. 200 cm-1 for each scan. Data were collected twice over a period of 10 s. 
Data collection fo r lactose, with particular reference to polymorphism, requires 
the use of a high resolution grating and a low signal:noise ratio. The low 
signal:noise ratio is advantageous in most analyses but is particularly important 
with respect to polymorphism, as small changes in spectra can be characteristic of 
different polymorphs and may be lost in noise in a more poorly resolved 
spectrum. 
Assigning bands of a Raman spectrum of lactose is complex. Susi and Ard62 
documented that there were 129 active Raman vibrational modes for lactose. Used 
as a comparative tool , however, it has proved to be an effective, efficient 
technique to distinguish between polymorphs. 
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3.4.1 a-Lactose Monohydrate 
:no.oo 
::0.0.00 
-
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Figure 3.21 CCD-Raman spectrum of La. H20; 200-1500 cm" 
The most intense band occurred at 355 cm". The peak is single and clearly 
resolved. This peak shape disagrees with the results obtained by Murphy et al. so 
which showed that this band was split into a doublet. The other major bands are 
present at 375cm", 475 cm" and 1086 cm". The last of these three bands (1086 
cm ") was used by Murphy et al. as a representative band of La.H20, due to the 
findings of Susi and Ard, who attributed this band to the C-O-C bridge of the 
glycosidic bond. 
T bl 312 M' R a e aJor aman b d fit an S 0 a- ac ose mono lyl ra e h d t 
Band (cm" ) Intensity Band (cm") Intensity Band (cm' ) Intensity 
~a . u.l (a. u.l (a. u.f 
357 25000 85 1 10000 1004 2500 
375 13750 876 7500 1018 7500 
397 8750 915 5000 1051 6000 
475 13750 952 2500 1086 16000 
Comparing the results presented here, to those of Murphy et al. the spectra are 
reasonably similar. There are, however, discrepancies with peak intensity. For 
example, they noted the band at 443 cm-' as a prominent band whereas the spectra 
presented here shows it to be minimal compared to the other bands. These factors 
may be attributed to the recrystalli sation process carried out by Murphy et al. that 
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was not carried out on the manufactured sample used in this investigation, or by 
instrumental factors described above. 
3.4.2 p-Lactose 
Raman spectroscopy is an effective tool for outlining structural differences 
between the two anomeric forms of lactose. The Raman spectrum of L~ has 
previously been documented by Susi and Ard in 1974.62 
Notable Raman bands in the L~ spectrum are in the same region, common to 
lactose and carbohydrate in general. Clear, well-resolved bands can be observed 
ca. 300 to 1500 cm"' . Comparing relative intensity within the ~-Iactose sample the 
bands present at 359, 437 and 1115cm"' were the major bands. 
300 
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Figure 3.22 CCD-Raman spectrum of LP: 200-1500 cm"' 
Table 3.13 Major Raman bands of stable p-lactose 
Band (cm"') Intensity Band (cm" ) Intensity 
(a.u.) (a. u.) 
287 140 475 175 
359 350 877 175 
414 ISO 896 150 
437 200 948 100 
109 
Band (cm"') 
1014 
1062 
1094 
illS 
Intensity 
(a. u.) 
110 
120 
75 
220 
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3.4.3 Stable Anhyd rous a-Lactose 
A number of Raman bands can be observed in the spectrum of Las, some of 
which are comparable to that of the parent La. H20 from which it was formed 
(Table 3.12). A review of previous work shows little research into the 
characterisation of the Las with respect to Raman spectroscopy. 
The major bands were shown to occur at 485 cm· 1 and 875 cm· l • 
~soo 
2000 
-
• 
> ~ 1:500 
~ 
• ~ 
1000 
.00 
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Figure 3.23 CCD-Raman spectrum of Las: 200-1500 cm·1 
Table .1 a.lOr 3 4M ' R aman b d f bl an so sta h d e an ~y' rous a- actose 
Band (cm") Intensity Band (cm" ) Intensity Band (cm" ) Intensity 
(a. u.) (a. u.) ~a . u .~ 
345 2200 851 2000 1119 1550 
393 1800 875 2250 1146 1500 
445 2500 915 1550 1330 1600 
485 2750 1017 1500 1375 1700 
698 1375 1084 2100 1467 1100 
3.4.4 Hygroscopic Anhydrous a-Lactose 
There have been several sets of Raman data collected for the analysis of LaH, with 
varying quality of spectra. 
110 
Chapter 3: Characterisation of Crystalline Lactose J. H. Kirk 
In order to avoid rehydration, samples of LaH were prepared by heating in a 
controlled environment at 120°C for 16 h. The sample was then transferred to a 
quartz silica tube and sealed in the tube under vacuum. 
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Figure 3.24 CCD-Raman spectra of La,,: 700-1500 cm-' 
Each of the four spectra results from the analysis of La" from within a sca led quartz 
tube. Traces in blue, purple and green show the presence of bands present in 
La.H,O, indicating possible rehydration. The red trace shows high levels of 
background, the sharp drops resulting from the merging of individual section scans 
which each had a range of approximately 200 cm-'. 
Figure 3.24 shows four different ana lyses of LaH, using the same conditions of 
preparation and data collection and exhi bits the effects of rehydration. 
3.4.5 Comparison by Optical Raman Spectroscopy 
There are a number of bands present in the spectra of all three stable polymorphs 
which can therefore be assigned to common functiona l groups within the lactose 
molecules; functional groups that were not involved with either the anomeric 
carbon; differentiating between a- and p- polymorphs, or the presence of free O-
H; indicating water molecules, unique to the La. H20 polymorph. 
Comparable bands include those at 876 and 897 cm- ' . The region between 900-
1500 cm-' showed CoO stretching and C-H bending vibrations common to 
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carbohydrates, which suggests that the band at 897 cm-I is attributed to either C-H 
or CoO bonds which are not involved in either of anomeric regions of the lactose 
molecule or the free O-H water molecules. 
By studying data of other disaccharides analysed by Raman spectroscopy, it is 
possible to gain more structural information relating to lactose, for example, the 
data presented by Taylor et al. 63 on trehalose dihydrate. a-lactose can be related to 
trehalose by the presence of the a-glucose moiety being bonded to the bridging 0 
by the same C atom (1 ,4 bridging) as trehalose (1 ,1 bridging), giving structural 
similarity. From these data, the low wavenumber regions of Raman spectrum, as 
shown in this investigation, can be attributed to O-C-H, C-C-H and C-O-H 
deformations and to the C-C and CoO bands and are normally due to coupled 
vibrations rather than single functional groups. 
One notable feature between the La. H20 and the LP are the bands between 350-
360 cm-I. It would appear that the band at 356 cm-I present in the La.H20 is also 
present in the p-anomer but is split into the doublet of bands at 349cm-1 and 359 
cm-I . By comparing the spectrum collected by Murphy et aI., this doublet is 
present in their sample of La.H20, as discussed previously, an example of the 
influence of instrument and sample parameters. 
Major differences between the two a-lactose forms can be observed as bands at 
345 and 483 cm-I. These bands are present in Las polymorph but not the La. H20, 
and those at 375 and 397 cm-I are present in the La.H20 but not in Las. 
3.4.6 Summary of Lactose Characterisation by Optical Raman 
Spectroscopy 
When comparing the Raman spectra of lactose polymorphs (Figure 3.25) it is 
important that the effects of sample and instrument parameters be considered. 
Instrument parameters such as the size of the confocal hole affect band intensity 
in a similar way to changes in polymorphism. In order to minimise these effects, 
relative intensities are usually used in the same manner as XRD analysis. Table 
3.2 compares the relative intensities of the three stable lactose poly morphs with 
bands of relative intensity 2: 10%. 
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Figure 3.25 CCD-Raman s pectra of lactose polymorphs 
J. H. Kirk 
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Table 3.15 Major Raman bands (>10% r .i) of stable lactose polymorphs (200-1500 
cm-") 
Band (cm") Relative Intensity (%) La. H20 L~ Las 
287 39 
345 80 
357 100 100 
375 55 
397 35 65 
437 57 
445 91 
475 55 50 
485 100 
85 1 40 73 
876 30 50 82 
915 20 56 
952 10 29 
101 8 30 31 55 
105 1 24 
1062 34 
1086 64 76 
11 19 63 56 
1375 62 
11 3 
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3.5 FT-Infrared Spectroscopy 
FT-IR spectra were obtained using a Perkin Elmer FT-IR Paragon lOO PC 
instrument in conjunction with Spectrum Graph Server software, version 1.60. 
Samples (10 mg) were prepared by mixing dried CsI, (50 mg), in a controlled 
argon environment, and then pressed into discs using a 8 tonne die. 
Visual analysis of the complete spectra, (4000 cm" -400 cm") confirms that the 
expected broad vibrations bands at approximately 3200 cm", corresponding to the 
intermolecular O-H stretching were present in all samples, as were numerous 
vibrations found within the lower wavenumber region. 
3.5.1 a-Lactose Monohydrate 
It could be noted from the spectrum (Figure 3.26) that there were two vibrations 
present in the La. H20 sample that were not observed within the remaining 
samples. These were attributed to free O-H vibrations from the water molecules 
(approximately 3500 cm") and the distortion of the water molecules 
(approximately 1654 cm"). 
Within the lower wavenumber region, there appeared to be a relatively well-
defined diagnostic region, 950-800 cm". 
The vibrations at 3528 and 1654 cm- ' have already been explained. A broad 
vibration occurring at 3380 cm" corresponded to the intramolecular O-H 
stretching. The vibrations ranging from 916-976 cm" fit with what has been 
deemed the most diagnostic part of the spectrum, with respect to the contrasting 
polymorphs. From existing IR tables,64 this region appears to consist mainly of 
out-of-phase ring stretching and twisting C-H bonds. The remaining vibrations lie 
within the shorter wavenumber region of the spectra. Although not much 
information can be obtained with respect to functionality , it was noted that this 
region of the spectra had an individual pattern for each polymorph. 
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3.5.2 p-Lactose 
[t is observed that the designated diagnostic region, as previously mentioned, is 
where the most obvious differences occur within the spectra (Figure 3.27). The 
vibration present in the LP sample ca. 950 cm·1 is not present in the La.H20 
sample. Similarly the vibration in the La. H20 (Figure 3.26) sample ca. 920 cm-I is 
not present in the LP sample. LP is shown to have unique vibrations present 
within the fingerprint region, in particularly at 833 cm-I. 
3.5.3 Stable Anhydrous a-Lactose 
Comparisons can be made between a-lactose polymorphs by using FT -[R 
spectroscopy. [f the aforementioned diagnostic region is studied, observations 
may be made between the hydrated and anhydrous samples. Comparisons 
between La.H20 (Figure 3.26) and Las (Figure 3.28) show that, within this 
particular region of the [R spectrum, there is very little to distinguish between 
polymorphs. Therefore, in the case of La. H20 versus Las, it is also necessary to 
extend the data region to 4000 wavenumbers to confirm the presence of water. 
The two classic vibrations pertaining to the water molecules are not present in the 
anhydrous samples. 
3.5.4 Hygroscopic Anhydrous a-Lactose 
LaH may be characterised using FT-[R (Figure 3.29) but the hygroscopic nature of 
the material forces reproducibility issues. The designated diagnostic region for the 
sample showed that the polymorph may be distinguished from the La. H20 parent 
material (Figure 3.26), but only on immediate analysis after preparation within an 
anhydrous environment. The sample was shown to rehydrate during the sample 
preparation. However, this observation would become advantageous with respect 
to determining between the stable and hygroscopic forms of a-lactose due to the 
similar FT-IR spectra obtained from these two samples. Repeat analysis of a LaH 
sample would show rehydration occurring, and hence exhibit FT-IR bands of 
La. H20. This would not occur with the stable Las. 
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3.5.5 Summary of Lactose Characterisation by FT -Infrared 
Spectroscopy 
Analysis by FT-IR shows that the main diagnostic differences between lactose 
samples were found in the region between 100 cm"1 "800 cm" l" For example, when 
comparing spectra, the band that is present in L~ ca. 950 cm"l, was not present in 
any of the a-anomer samples: La.H20 ; Las; LaH (Figure 3.30). 
La. H20 
916 
877 
Las 
855 
874 
Figure 3.30 FT-IR of designated diagnostic region 950 - 800 cm"' 
La.H20; L~; Las; La" 
3.6 J3C_IH Cross Polarization-Magic Angle Spinning NMR 
CP-MAS NMR data were collected on a Bruker Biospin 500 MHz spectrometer 
using a 4.0 mm MAS BB IH probe spinning at 5kHz and operating at 125.771 
MHz for I3C and 500.13 MHz for I H. A ramped cross polarisation was used in 
conjunction with a 69 kHz spinal-64 decoupling. A recycle delay of 240 s and 256 
scans were co-added to produce free induction decays (FIDs) with 2 K data 
points, with an acquisi tion time of 34 ms. The FID were collected with a sweep 
width of 238.8 ppm and then Fourier transformed with no window function to 
produce 32K data points for the spectra. The spectra were referenced to 
tetramethylsilane at 0 ppm" 
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Figure 3.31 shows the IJC spectra obtained by using IJC_1H CP-MAS NMR 
spectra for the single phase lactose polymorphs. 
L"s 
,, !--____ .-J 
Figure 3.31 "c spectra using "C-'H CP-MAS NMR spectra for lactose polymorphs 
3.6.1 a-Lactose Monohydrate 
The spectrum of La. H20 has relatively well defined resonances. It shows that 
there are at least 9 visible carbon environments within the asymmetric unit. Closer 
inspection of peak shape suggests that a further two may be present at - 62 ppm 
and - 72 ppm. From single crystal X-ray analysis it is known that Z=2 and that the 
space groups P 21 indicates the presence of a screw-axis (Chapter 4). This concurs 
with the CP-MAS NMR data which highlights a possible II different carbon 
environments, hence symmetry with a cell that contains two molecules. The lack 
of the remaining environments suggests a degree of symmetry between the two 
molecules within the unit cell. However, it is also possible that due to the 
re latively broad peak width (- 30 Hz) overlapping resonances may be present if 
the frequency of the anlaysis was not high enough to separate them. Analysis has 
shown that spinning sidebands do not affect peak intensity. All sidebands present 
lie out of the vicinity of any resonances. 
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3.6.2 p-Lactose 
Crystallographic data show that LP also has the space group P2 J and Z=2. Figure 
3.31 clearly shows 11 different carbon environments, therefore indicating that the 
majority of the carbons within the molecule are in different environments and 
both of the LP molecules within the unit cell have the same symmetry. Comparing 
this spectrum to that of the La.H20 , obvious differences are apparent. It is 
possible that the downwards shift which occurs in the La. H20 spectrum compared 
to that of the LP, is due to the presence of the electronegative oxygen of the water 
molecule. There are a number of resonances unique to LP, including those at 79, 
82, 99 and 104 ppm, making it readily distinguishable from the remaining 
polymorphs. 
3.6.3 Stable Anhydrous a-Lactose 
It can be assumed by the large number of peaks within the spectrum that there is a 
lack of symmetry within this structure. This is confirmed by the crystallographic 
findings of Platteau et af. 65 Platteau et al. found that, similar to that of the 
La.H20 , LaH and LP, Z=2 for the stable anhydrous polymorph but that the two 
molecules within the unit cell were different. The difference between the two 
molecules within the same unit cell would account for the large number of 
resonances within the JJC MAS NMR spectrum. 13 peaks maybe seen within the 
spectrum of Las. Shoulders that appear ca. 74, 72, 68 and 64 ppm suggest that 
resonances occur at these ppm. Although resolution is questionable with respect to 
these shoulders, they indicate that at least 17 unique carbon environments are 
present within the unit cell. Further optimisation of the parameters is required to 
confirm these data. 
With respect to the question of preparation methods, solvent mediated versus 
thermal methods, the results of CP-MAS NMR experiments confirm previous 
findings by alternative techniques outlined in this work. Figure 3.32 outlines the 
three different samples. Original naming convention, outlined in previous sections 
will be used for the purpose of clarity. Las, is attributed to the thermally 
dehydrated a-lactose, LaM to that of a-lactose dehydrated using anhydrous 
methanol and LaE to that of a-lactose dehydrated using anhydrous ethanol. The 
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CP-MAS NMR data show that with respect to carbon environments, the three 
samples have the same NMR spectrum. 
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Figure 3.32 I3C CP-MAS NMR spectra for anhydrous stable forms of a-lactose 
3.6.4 Hygroscopic Anhydrous a-Lactose 
Crystallographic data35 show that this polymorph has the space group P 21 Z=2. 
10 di fferent carbon environments can be observed in the spectrum suggesting that 
there is a degree of symmetry within the structure. There is a slight downwards 
shift compared to that of the La. H20 possibly due to the relationship between the 
O-H groups of the molecules interacting with each other. The increase in 
bandwidth between La. H20 and LaH indicates a less crystalline, more disordered 
material. 
3.7 Scanning Electron Microscopy Analysis 
SEM is a useful tool to study, amongst other factors , the morphology of crystals 
of lactose. From the figures below it was observed that the polymorphs of lactose 
all have differing morphology, either due to the nature of the crystal or the 
preparation of the polymorph. 
123 
Chapter 3: Characterisation of Crystalline Lactose J. H. Kirk 
3.7.1 a-Lactose Monohydrate 
Figure 3.33 shows the crystal morphology of La.H20 . 
Figure 3.33 SEM of LIl.H20 crystals 
Figure 3.33 shows that the La. H20 sample analysed is a mixture of elongated 
' tomahawk' shaped crystals, with an average crystal size of approximately 5 ~m 
in length. The individual particles are easily defined and uniform in shape. 
3.7.2 ~-Lactose 
The SEM of L~ is shown below in Figure 3.34. This figure shows that a degree of 
agg lomeration has occurred between L~ particles, indicated by the non-uniformity 
of the surface texture. The particles appear to be random in shape of varying 
degrees of crystallinity . It is assumed that although the method of preparation 
resulted in the crystalline L~ polymorph, on a molecular level, the presence of the 
dehydrating alcohol, affected the surface of the crystals leading to pitting and a 
' slate-like' appearance to some of the surfaces. 
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Figure 3.34 SEM of L~ crystals 
3.7.3 Stable Anhydrous a-Lactose 
SEM data were collected for the three methods of preparation of Las; methanol 
mediated; ethanol mediated and thermally mediated preparation. 
3.7.3.1 Methanol Mediation 
The crystals treated with methanol show similar attributes to those observed in the 
L~ SEM. The crysta ls surfaces show simi lar pitting and agglomeration as L~ and 
confirms that the methanol used in the preparation of L~ played a role in the 
surface defects. These defects, according to PXD data, have little effect on the 
crystallinity of the material. 
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Figure 3.35 SEM of Los (methanol) crystals 
3.7.3.2 Ethanol Mediation 
Figure 3.36 SEM of Los (ethanol) crystals 
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Unlike methanol , treatment with ethanol does appear to alter the morphology of 
the crystals. Harsh refluxing in a solvent that has a relatively low solubility results 
in large brick shaped particles, agglomerated together to form 3D structures of 
geometric crystals. It is well documented that single crystal X-ray analysis cannot 
be carried out on Las due to the inability to grow large enough single crystals. 
This may be due to the agglomeration observed in the SEM (Figure 3.36). 
3.7.3.3 Thermal Mediation 
Figure 3.37 SEM ofLus (thermal) crysta ls 
The effects of thermally treating La. H20 are shown in Figure 3.37 by the 
rounding o f the edges of the particles, signi fy ing melting. The almost glassy, 
smooth surface is an indication that at least the surface layer of the particle is a 
glass. The particles are non-uniform in morphology and both block and needles 
can be observed from this SEM analysis and agglomeration of these particles is 
evident. 
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The SEM analysis shows that although on a crystallographic level these three 
methods of preparation form the same polymorph, the surface effects resulting 
from the methods are different. This would lead to the theory of different 
physicochemical properties with respect to surface properties and agglomeration. 
Further investigation is requjred to ascertain the extent of this theory. 
3.7.4 Hygroscopic a-Lactose 
Although three different preparation methods were used to form LUH, only 
analysis of the in-vacuo sample was carried out (Figure 3.38). 
Figure 3.38 SEM of La" crystals 
The SEM analysis shows the two-dimensional nature of the crysta ls makes them 
almost transparent and much more fragi le than in previous samples. This also 
accounts for the high level of preferred orientation within the PXD samples. Due 
to the overloading of sample, it is unclear as to whether or not agglomeration 
occurs or whether the crystals simply lie on top of each other due to their two-
dimensional nature. 
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3.8 Conclusion 
All the techniques discussed in this chapter have proven essential for the full 
crystallographic characterisation of lactose polymorphs. To encompass all the 
physicochemical properties of lactose would require a larger array of techniques 
that would only differentiate between hydrated and non hydrated samples. 
Techniques such as DSC would only show transitions such as dehydration and 
melting and therefore were not included in this section. 
The techniques used throughout this section showed the crystallographic 
comparisons and contrasts with all the poly morphs. The use of PXD analysis as a 
primary technique allowed the discrimination of individual phases and allowed 
preparation methods to be explored. The formation of Las is of particular interest 
and would require further investigation to fully determine the reasons for the 
differences in surface characteristics, as demonstrated in the SEM, compared to 
the similarities on a molecular level. 
The use of Raman spectroscopy was used, successfully, to determine between 
polymorphs and not just between amorphous and crystalline materials, as has been 
the tendency in the past. Although amorphous content is of great importance to 
industries such as the pharmaceutical industry, having an understanding of the 
crystalline materials is just as important to begin to understand the nature of the 
amorphous. 
Simple characterisation methods and techniques, such as those applied to the 
lactose polymorphs in this section, should allow characterisation of a wide variety 
of materials used throughout numerous industries and hence, to promote the 
understanding of the properties of a large extent of materials. 
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4.1 Introduction 
Two of the fundamentals principles in relation to the structural differences of 
polymorphs is that of 'form' and ' habit' . Form refers to internal crystal structure 
and etyrnologically is the Greek descendant of the word 'morph' and for the most 
part is affected by thermodynamic factors. Habit, however, is the mode of growth 
and describes the shape of a particular crystal system, and is usually determined 
by kinetic factors as a result of the environment of the crystallisation. 
Controlling the polymorphic form obtained may be possible by the understanding 
and manipulation of the crystallisation system, for example, by understanding the 
effects of both thermodynamic and kinetic factors. In chemical terms, 
thermodynamic conditions essentially mean those conditions under which the 
thermodynamic equi librium is, or is nearly, maintained. Kinetic conditions refer 
to situations that are far from equilibrium. Crystallisation, with respect to 
thermodynamics, means slow evaporation, slow cooling, slow crystallisation from 
a melt, slow sublimation. Crystallisation in terms of kinetics means a high degree 
of supersaturation, rapid cooling, or rapid evaporation. 
The main agreement between all definitions of polymorphism is that a polymorph 
will have the same molecular composition but the atoms are arranged in a 
different way, spatially, in the solid state. To this end, the evaluation of the 
structure of lactose polymorphs and their influence on each other is a fundamental 
area of their characterisation. 
It has already been established that there are four well defined crystalline phases 
of lactose, all of which have distinct structures. This section of work aims to 
compare these structures and assign possible structural reasons behind their 
physicochemical differences. All molecular diagrams were produced using 
Mercury software, version 1.4.2' and the author wishes to acknowledge the use of 
the EPSRC's Chemical Database Service at Daresbury and the EPSRC National 
Crystallographic Service in Southampton for the assistance with the single crystal 
refinement of La. H20. 
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4.1.1 Space Group Theory 
The space group of a structure describes the symmetry within that structure. There 
are 230 space groups, in total , which define all possible symmetry operations of 
crystal structures and are published in Tables by the International Union of 
Crystallography2 
The space group of a crystal structure is made up of one of the 32 point groups 
and one of the 14 Bravais lattices. International notation consists of one of the 
seven Bravais lattice types (P, A, B, C, J, R or F) followed by series of numbers 
that describe the symmetry. The result of these two factors means that the space 
group describes both the translational symmetry of the unit cell and point group 
symmetry of rotation and reflection. Other considerations include screw axes and 
glide planes. 
A screw axis defines how a combination of rotation about an axis and a translation 
parallel to that axis, leaves the crystal unchanged. Notation of a screw axis 
comprises a number 'x', followed by a subscript number. The number symbolises 
the angle of rotation as a function of 360o/x. The subscript number represents how 
far the translation occurs along the axis. Hence, 2" represents a two· fold rotation 
followed by a translation of half of the lattice vector. 
A glide plane is the symmetry operation which combines a reflection and a 
translation within a plane; it is a reflection in a plane followed by a translation 
parallel with that plane. Glide planes are given the terms a, b, or c depending on 
which axis they are associated with; n which is a glide along half of a diagonal 
face; d which is along a fourth of either a face or diagonal of a unit cell. 
4.1.2 Effects ofInter- and Intramolecular Hydrogen Bonding 
Inter- and intramolecular hydrogen bonding, is both strong and directional and has 
been the subject of documented research since the 1920's.3 Initial ways of 
comparing hydrogen bonding were to compare the geometry of structures but 
more recently, the theory of graph-set notation was developed.4•5 Graph-set 
notation involves the relationship between molecules within a structure, with 
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hydrogen bonding forming rings and chains within the molecules. The notation 
allows the observations of these patterns to be recognised and recorded. The 
generic notation follows the system G\(o). G represents the type of system in 
question, or the designator. There are four designators; S, R, C and D, representing 
intramolecular, ring, chain and other discrete systems respectively. The 
superscript and subscript identify the number of hydrogen bond acceptors and 
donors within the system. The number of atoms contained within the system is 
shown in the brackets. Schematic representations help to identify motifs of 
systems and comparisons of these help to identify structural differences between 
polymorphs. 
The use and assignment of graph set notation, although useful , is often time 
consuming and complex and is predetermined by accuracy of refinement 
parameters. In the work outlined in this section, single crystal X-ray determination 
of La. H20 uses graph-set notation to evaluate the structure. The remaining 
structures of L~ and LaH are refined using powder X-ray diffraction, the 
complexity of which, particularly for the overlapping patterns of molecules 
compnsmg relatively light organic atoms, makes determination of hydrogen 
bonding ambiguous. Hydrogen atoms, due to their poor scattering, were excluded 
from the refinement. To this end, any inference of hydrogen bonding patterns will 
be based on 0-0 bonds < 2.9 A. Raw refinement data are outlined in Appendix 1. 
4.2 Structure Determination of a-Lactose Monohydrate 
Single crystal X-ray diffraction was used to determine the structure of La. H20. A 
search of the Cambridge Structural Database (Updated November 2004),6 showed 
that single crystal X-ray diffraction data of La.H20 have been collected and 
refined by a number of research groups/·8.9 but the most recent determination, 
presented in this thesis, lo identified the hydrogen-bonding interaction in the 
structure. The structure of the La. H20 polymorph has been previously studied at 
room temperature (296 K).7.8.9 The re-determination, of this rigid structure, was 
carried out at low temperature (- 150 K) which showed improved precision on 
geometry compared to the room temperature determination. The single crystal 
determination was carried out using a Bruker SMART 1000 CCD in conjunction 
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with SAINT 1 1 for cell refinement and data reduction as well as SH ELXTL 12 and 
SADABS 13 software to refine the structure. 
Colourless crystals were produced from La. H20 powder (supplied by Fluka 
Biochemica, Stenheim). A 10 % solution of aqueous La. H20 was prepared as in 
methods previously studied by Larhrib et a l. 14 The resulting solution was diluted 
into a 35 :65 solution of lactose:acetone. Crysta lli sation was carried out at room 
temperature and crystals were evident after a period of 48 h. All C and 0 atom 
were refined anisotropically with the H atoms being isotropically fitted post 
refmement. 
Ideal Rp factors are as close to zero as possible. The refinement resu lted in an Rp 
factor of 0.033 with a weighted Rp factor of 0.079 showing a good data fit to the 
experimental data. 
4.2.1 Molecular Geometry 
Figure 4.1 outlines the molecular geometry of La. H20, as given In the single 
crystal refinement at low temperature. 
012 
.....•.. / .......... . 
" . 
Figure 4. t Molecular Geometry of La. H20 as observed in low temperature, single 
crystal X-ray diffraction refinement 
Carbon atoms C(l )-C(6) and the associated oxygen atoms describe the glucose 
moiety , C(I ')-C(6') outline the galactose. The anomeric oxygen is described by 
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0(7). Each molecule contains one intramolecular hydrogen bond between 0(9) of 
the glucose moiety and the intracyclic O(S) of the galactose moiety. 
This intramolecular hydrogen bond is assigned the graph set notation S(7). The 
hydrate molecule was shown to be associated to lactose molecule through the 
0(3)-H(3A) ... 0(12). The molecule exhibits both moieties in the a-anomeric 
conformation with 0(4) and 0(7) in the axial position. The remaining oxygen 
atoms lie in the equatorial plane. 
4.2.2 Unit Cell Parameters 
The La.H20 crystallised in the monoclinic space group P2 1• The monoclinic space 
group has three different axis parameters, and one unique angle. The unique angle 
within the LaH20 unit cell is the ~-angle and hence, the monoclinic space group 
can be described as (where aib#, a=y=90°;t~). 
Unit cell parameters were found to be a=4.7830(S) A, b=2 I.S40(2) A, 
c=7.7S99(8) A. The unique ~-angle was determined to be IOS.911(2t. These 
parameters are comparable with previous data collected by Noordik et al9 who 
determined cell parameters of a=7.937(2) A, b=2 I.S68(7) A, c=4.8IS(I) A and 
~=109.77(2)o . It was observed that the cell data collected at low temperatures had 
reversed axes to that of the data collected at room temperature. The parameters 
presented in this section use conventional assignment which dictates that the ac 
plane shou ld have the shortest vectors2 The data previously collected at room 
temperature did not follow this convention. 
Data collection at low temperatures, predictably, resulted in a smaller unit cell 
than those co llected at room temperature. This was also the case with the cell 
volume, 768.8S(l 4) N versus 77S.5(S) AJ 
4.2.3 Bond Geometry 
The determination from data collected at low temperature resulted in improved 
precision compared to the previously determined room temperature structures: 
The standard uncertainty of C-O and C-C bonds was calculated to be 
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approx imately 0.003 versus 0.004 which was obtained previously.9 Table 4.1-4.2 
outli nes a representation of the bond lengths and angles refined for the La. H20 
structure. 
Table 4.1 Selected bonds lengths of La .H20 as refined by single crystal X-ray 
diffraction 
Bond 
O(l)-C(4) 
O(l)-C(I ') 
CC I ')-C(2') 
C(I)-C(2) 
CC4')-D(4) 
CC I)-D(7) 
CC I)-D(IO) 
CCI ')-D(5) 
Bond Length (A) 
1.437(2) 
1.398(2) 
1.523(3) 
1.533(3) 
1.423(2) 
1.399(2) 
1.4 17(2) 
1.426(2) 
Table 4.2 Selected bond angles of La.H20 as refined by single crystal X-ray 
diffraction .~--~----------~~~~~--Bond Bond Angle (0) 
CC I ')-D(1)-C(4) 11 6.90( 14) 
CC I)-D(10)-C(5) 113.51(14) 
O( II )-C(6)-C(5) 11 0.45(17) 
O(7)-C( I)-D(l0) 11 2.3 1(16) 
CCI ')-D(5)-C(5') 11 1.90(13) 
O(3)-C(3')-C(4 ') 111. 19( 16) 
CC3}-C(2}-C(I) 11 1.05(16) 
C(2')-W')-C(4') 109.95(16) 
These bond geometries wi ll be used in future sections to evaluate the differences 
between lactose polymorphs. 
4.2.4 Hydrogen Bonding 
Hydrogen bonding was evaluated through the refi nement of La.H20. These are 
outl ined in Table 4.3. 
Table 4.3 Hydrogen boods of the La. H20 crystal structure 
D-H ... A D-H (A) H .. A (A) D ... A (A) 
O(2}-H(2A) ... O(6)' 0.84 1.85 2.6659( 19) 
0(3}-H(3A) ... O( 12) 0.84 1.89 2.722(2) 
O(4}-H(4A) .. . O(?);; 0.84 1.97 2.807(2) 
O(6}-H(6) .. . O(2)'" 0.84 1.90 2.706(2) 
0(7}-H(7 A) ... O( I 2);' 0.84 1.97 2.772(2) 
O(8}-H(8A) .. . O(l I);;; 0.84 1.92 2.700(2) 
O(9}-H(9A) .. . O(5) 0.84 2.02 2.8187( 19) 
O( I I}-H(I IA) ... OC9Y 0.84 1.92 2.755(2) 
O( 12}-H(12D) ... 0(3)' 0.85(2) 1.90(2) 2.740(2) 
O( 12}-H( I 2C) ... 0(8)'" 0.84(2) 2.22(2) 2.920(2) 
SymmelI)' operations for equivalent atoms 
163 .1 
168.4 
173 .8 
160.4 
160.6 
155.0 
158.6 
174.4 
174(3) 
141(2) 
(i) x- I ,y,z- I (ii) -x,y+ 112,- z+2 (i ii) x,y,z+ 1 (iv) -x,y- I I2,- z+ I (v) x+ l ,y,z (vi) -x+ l ,y+ II2,- z+2 
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There are ten hydrogen bonds in total with six di fferent symmetry codes, which 
link lactose and hydrate molecules in a three-dimensional fashion. The hydrogen 
atoms listed in the table are not represented in the figures but were refined, 
isotropically, in the single crystal determination. 
4.2.5 Packing Plots 
Evaluation of packing within a structure is best carried out by observing the 
structure along discrete axes. Figure 4.2 represents the packing of La. H20 along 
the a-axis. 
l ' ··· ·· 
... / 
Figure 4.2 Packing of La. H20 along the a-axis, outlining C and 0 atoms only. 
Hydrogen bonding is represented by tbe dashed blue line. Graph set notation: (A) 
S(7) ; (B) ifJ (16); (C) R" (14) ; (D) R" (9); (E) R' ,(18); (F) if,(16), (G) R',(19) ; (H) 
if,(18); (I) R',(lS); (J) R',(21) 
The packing plot along the a-axis shows an alternating vertical pattern of lactose 
molecules. Graphs set notation along the a-ax is was represented in Figure 4.2. (A) 
S(7); (B) R\ (16) ; (C) RJJ( 14); (D) RJ3(9); (E) R44(18); (F) R34(16), (G) R33( 19); 
(H) RJ4(18); (I) R\ (15); (1) R\ (2 1). It shows ten di fferent moti fs in the be plane. 
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Packing along the c-axis shows the hydrogen bonding patterns within the crystal 
lattice between the vertical sheets of lactose molecules. Figure 4.3 shows vertical 
hydrogen bond chains and hydrate molecules that sit between the lactose 
molecules. Additional graph set notation of the monohydrate structure; C2(4) 
between hydrogen bonds 06-H6A. .. oi;; and 02-H2A ... 06;; and higher order 
motifs; R66(2I); R\(20); R55(20); R66(23) and R\(I8) were observed in the ab 
plane. These higher motifs, although hard to represent in a static two-dimensional 
plot, are an example of the complexity of the lactose structure . 
..-, 
./ , 
a 
L. 
Figure 4.3 Packing plot of La. H20 along the c-axis, exhibiting a zigzag system of 
lactose molecules 
Diffraction data were also recorded on a crystal obtained from a separate 
crystallisation, by the EPSRC National Crystallographic Service,15 from which 
very similar unit cell dimensions were determined. 
4.3 Structure Determination of 6-lactose 
Single crystal determination, although informative and preCIse, is a relatively 
speciali sed technique and has limitations beyond structure determination. Whilst 
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structure determination from powder diffraction data is still relatively complex, it 
has advantages over its single crystal counterpart. One of the major advantages is 
the abil ity to determine the structure of small crystallites or unstable, yet isolable, 
phases. [n order to test the validity of the structure determination of lactose using 
Rietveld refinement methods of powder X-ray diffraction data, a refinement ofL~ 
using powder data was used to compare to single crystal X-ray diffraction data 
refined by Hirotsu and Shimada in 1974.16 
4.3.1 Refinement of Powder X-ray Diffraction Data 
PXD data were collected on a Bruker D8 Advance diffractometer between 5-80° 
2e for a collection period of 16 h. The relative complex theory behind Rietveld 
refinement of powder X-ray diffraction data is covered in section 2.3.3. The 
practical aspects of refining powder data of molecular organic crystals, however, 
on the surface appears deceptively simple. Akin to refinement of ionic structures, 
a certain amount of information, such as space group and general cell parameters, 
is necessary in order to begin the refinement. 
Refinement of PXD data involves the fitting of the experimental data to a 
calculated profile (section 2.3.3) in a similar way to that of single crystal 
diffraction data. GSAS software allows the refinement of individual unit cell and 
atomic paranleters to fit these data. Progress of the refmement is monitored by a 
comparison diffraction plot of the observed and calculated data. Rp factors and X2 
factors are indicative of the quality of the refmement. The closer these factors are 
to zero, the better the fit. For powder diffraction data, Rp factors of less than 0.1 
and l factors of less than 15% are generally accepted as good profiles. 
Refinement progress can also be monitored graphically using a powder profile 
plot. The profile plot comprises four pieces of information: a red trace, which 
indicates the observed data collected from the diffraction experiment; a green 
trace, which is the calculated proflle generated by the refmement process; a 
goodness of fit between these two sources is shown by a pink trace, with the best 
fit shown by a straight line. Tick marks represent the 2e angle at which reflections 
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are expected fo r the calculated profile. The final powder profile plot, after 
refinement, of LP is observed in Figure 4.4. 
Initially, parameters such as background, zero point, unit cell and profile 
parameters were refined. This was followed by atomic parameter refinement. The 
effects of randomly introducing atomic parameters such as coordinates and 
thermal parameters may have a detrimental effect on profi le parameters, 
especially when dealing wi th molecular compounds, and therefore, it was 
important to carry out systematic refinement of atomic parameters. 
With respect to the refinement of LP, all atoms (C and 0) were refined 
anisotropically using both bond length and bond angle restrai nts. The resulting 
refinement had an Rp factor of 0.066 and weighted Rp facto r of 0.0890. 
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Figure 4.4 GSAS profile plot for the refinement data of L~. The red broken line 
represents the observed data and the green solid line represents the calculated data. 
The pink trace showing the goodness of fit. The tick marks show where the 
calculated positions of the reflections occur for the particular unit cell refined . 
4.3.2 Molecular Geometry 
The molecular geometry obtained by the PXO refinement of LP, Figure 4.4 was 
comparable to the single crystal refinement data. 
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The same intramolecular hydrogen bond; 0(9)-H ... 0(S) was present in the L~ 
phase of lactose as La.H20. Comparison of the molecule with the La. H20 shows 
that the galactose moiety is unaffected by the anomeric alteration of the CC I )-0(7) 
bond of the glucose moiety. Further comparison will be discussed in future 
sections. 
. ............. . 
"-. 
C6 
011 
Figure 4.5 Molecular geometry of L~ as refined by PXD data 
4.3.3 Unit Cell Parameters 
PXD refinement of L~ resulted in a monoclinic unit cell , space group P 2" with 
parameters a=1 0.8147(13) A, b= 13.326S(17) A, c=4.9843 A, and a unique fJ angle 
of 91.2413(31)°. These values compare with a=10.839(6) A, b= I3.349(6) A, 
c=4.9S4(6) A and fJ=91.39(9)0 obtained from single crystal X-ray diffraction 
data.16 Comparison showed an approximate increase of 0.02 A along the a- and b-
axes, countered by a decrease of - 0.03 A along the shorter c-axis. There was also 
a O.ISo reduction in fJ-angle and cell volume, 712.99(27) A3 versus 716.7 A3 (no 
e.s.d. reported). The errors show that the powder diffraction refinement has 
increased accuracy, a consequence of advances in diffraction technology since the 
refinement was carried out in 1974. The difference in cell parameters could not be 
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attributed to thennal influence as both data collections were carried out at room 
temperature. 
4.3.4 Bond Geometry 
Tables 4.4-4.5 compare selected bond lengths and angles of the PXD refinement 
to those of the single crystal , in order to assess the accuracy of both refinements. 
Table 4.4 Comparison of selected bond lengths from PXD and single crystal data of 
LJl refinement 
PXD 
Bond Bond Length (A ) 
O( I}-C(4) 1.420(1) 
O( I}-C( I') 1.432( I) 
C( I '}-C(2') 1.569(1) 
C( I }-C(2) 1.504( I) 
C(4'}-O(4) 1.407(1) 
C(I}-O(7) 1.388(1) 
C( I}-O( I 0) 1.397( I) 
C( 1'}-O(5) 1.440(1) 
· c.s.d reported to be 0.005-0.006 
Single Crystal 
Bond Lengtb (A) 
1.451 ' 
1.402 
1.52 1 
1.515 
1.420 
1.388 
1.43 1 
1.41 3 
Associated bond lengths, within the PXD refinement, were constrained with the 
range of 1.54 A (estimated standard deviation, e.s.d.=O.OO I) for C-C bonds and 
1.40 A (e.s.d.=O.OO I) for COO bonds. The most interesting observation was the 
bond length of the anomeric CoO bond . In both refinements, this particular bond 
length was measured to be 1.388 A, even though all remaining bonds differ in 
length. The remaining bonds vary between refinements with the largest difference 
observed to be - 0.05 A. This large error may be attributed to the tight constraints 
applied to the PXD data. 
Table 4.5 Comparison of selected bond angles from PXD and single crystal data of 
LJl refinement 
PXD 
Bond Bond Angle (0) 
C( 1'}-O( I}-C(4) 109.133(5) 
C( I}-O(10}-C(5) 108.998(5) 
O( II }-C(6}-C(5) 109.025( 10) 
O(7}-C( I}-O(10) 109.042(6) 
C( I '}-O(5}-C(5' ) 109.077(5) 
O(3}-C(3 '}-C(4' ) 109.008(7) 
C(3}-C(2}-C( I) 108.942(4) 
C(2'}-C(3 '}-C( 4 ') 108.960(6) 
· e.s.d reported to be 0.3-0.4 
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Single Crystal 
Bond Angle (0) 
11 6.5' 
113.2 
111.8 
107.6 
113.2 
11 2.4 
109.3 
108.3 
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In order to maintain chemical significance, the bond angles within the PXD 
analysis were constrained to 109.0° (e.s.d.=O.OI) with the exception of bond angle 
CC I ')-0(1)-CC4) which was initially assigned a restraint of 120.0° (e.s.d.=0.03). 
The most important comparison between the two sets of data was demonstrated by 
the R factors. The R factor of the PXD data was calculated to be 0.066, this was 
comparable to 0.068 calculated for the single crystal data. The PXD refinement 
was therefore concluded to be comparable with the single crystal data. 
4.3.5 Hydrogen Bonding 
Hydrogen bonding was analysed using Mercury v 1.4.2, I which was set to measure 
0 -0 bonds less than 2.9 A. It was assumed that any influence of hydrogen bonds 
greater than this distance would be negligible. As no H atoms were refined, 
precise lengths and angles could not be determined, therefore the hydrogen bonds 
are purely representative. The majority of hydrogen bonds concur with those 
determined in the single crystal refinement of L~ but there are some hydrogen 
bonds, fo r example the hydrogen bond which equates to 0(7)-H ... 0(2), which 
was disallowed due to bond length (bond length = 2.93 A). 
Table 4.6 Hydrogen bonds of the La.H,O crystal structure 
D-H ... A D ... A (A) Symmetry Op. 1 
O(9}-H ... O(5) 2.556 x,y,z 
O(9}-H ... O(6) 2.891 x,y,z 
O(6}-H ... O(9) 2.89 1 x,y,z 
O(6}-H ... O(3) 2.78 1 x,y,z 
O(3}-H ... O(6) 2.78 1 x,y,z 
O(8}-H ... O(II) 2.599 x,y,z 
O(IO}-H .. . O(2) 2.168 x,y,z 
O( II }-H ... O(8) 2.599 x,y,z 
O(2}-H ... O( 10) 2.168 x,y,z 
4.3.6 Packing Plots 
Symmetry Op. 2 
x,Y,z 
x,y,·l +z 
x,y, I +z 
-1-x,- 1/2+y,-z 
-1 -x, ll2+y,-z 
-x,- 1/2+y,- I-z 
-x,-1 /2+y,-z 
-x,1 /2+y,- I-z 
-x, I 12+y,-z 
The packing plot along the c-axis (Figure 4.6) shows that the L~ molecules are 
arranged in diagonal rows to the cell axes. Alternate molecules along the diagonal 
are rotated approximately 90°. The packing plot along the b-axis (Figure 4.7) 
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shows that the molecules are actually stacked in identical zigzag layers. These 
packing plots will be used to compare lactose polymorphs in future sections. 
I. 
Figure 4.6 Packing plot of L~ along the c-axis. LP molecules pack in alternate 
geometry along diagonal rows within the lattice 
a-r 
c 
Figure 4.7 Packing plot LP along the b-axis. LP molecules pack in identical sheets, 
honded by multiple hydrogen bonds 
Hydrogen bonding motifs for the L~ structure were determined to consist of a 
number of higher level motifs (motifs that consist of high numbers of atoms that 
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link a number of different molecules). The lack of hydrate molecules within L~, 
compared to La. H20 meant that the lower level motifs were not observed. 
Comparative motifs between L~ and La. H20 consisted of the intramolecular S(7) 
motif only. The complicated hydrogen bonding networks observed within the L~ 
phase meant that packing plots along the axes did not accurately represent the 
motifs. Figures 4.8-4.11 therefore outline the main hydrogen bonding moti fs 
observed within the L~ structure, with the associated unit cell axes showing 
orientation. 
Figure 4.8 Hydrogen bonding motif KJ(20), linking three different molecules of LP 
....... ~"'~""""-"] 
=-='=~ .. ::1 .......... ..... .. 
/ ' 
b 
Figure 4.9 Hydrogen bonding motif R',(24), linking four different Lp molecules 
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Figure 4.10 Hydrogen bonding motif R',(24) linking four L~ molecules 
Figure 4.11 Hydrogen bonding motif R66(24), linking six LP molecules 
4.4 Structure Determination of Hygroscopic Anhydrous 
a-Lactose 
Crystallographic information pertaining to the LUH polymorph has only recently 
been published, by Platteau el al.17 in 2004. Single crystals of LUH cannot be 
grown due to the crysta l size and the unstable nature of the material, therefore, the 
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Rietveld refinement of powder diffraction data was used to determine the crystal 
structure. This process involved the ab-initio structure determination of LaH using 
information from the La. H20 single crystal determination. Unfortunately, the 
powder X-ray diffraction pattern obtained by Platteau et al. was mixed phase and 
contained significant amounts of La. H20 making the refinement extremely 
challenging. The structure of LaH was refined with La. H20 as a second phase, 
with the conclusion that LaH could not exist as a single phase. 
In-situ X-ray methods of analysing LaH, as used in this body of work (section 
3.3.4), showed no indication of the presence of La.H20 in the PXD data. 
Maintaining a temperature of 120°C during PXD data collection allowed the 
stability of the compound to be maintained during analysis and therefore gave the 
PXD pattern of what has been determined to be the LaH single phase, thus 
resulting in a single phase refinement. Refinement data were collected over a 
range of 5-80° 29 for a period of 16 h. 
4.4.1 Refinement of Structural Parameters 
In contrast to the PXD refinement of L~, an initial structural refinement was 
carried out on the LaH data by performing a LeBail fit. 18 A LeBail refinement fits 
observed PXD data to a calculated profile by refining only the structural and 
profile parameters, hence, an individual R factor may be obtained for the goodness 
of fit without any atomic parameters. This function gives a starting point for 
complicated atomic refinements. 
The LeBail fit found that LaH crystallised with a monoclinic unit cell, in the space 
group P2 1, akin to the space groups of both La. H20 and L~. The unit cell 
parameters of a = 7.85344(30) A, b = 19.8331 (9) A, c = 4.950 I 0(1 I ) A and p = 
103.8429(26) A. 
The refined parameters were larger in each dimension, from those of LaH that 
were refined from mixed phase data (a = 7.7795(3) A, b = 19.6931(7) A , c = 
4.9064(1) A , of Platteau et al. 17 There was also an increase in cell volume, 
748.62(5) A3 versus 730.32(4)° A3 The likely cause for the larger parameters is 
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the thermal expansion of the unit cell resulting from X-ray data collection at 
120°C compared to previous work collected at room temperature. 
-<t 
o 
w .,-j 
o 
o 
N 
o 
o 
o 
C/I 
~ 
C 
:J 
o 
U 
I' I " '1' 11 It ~ UIIIt I II 1111 IhlN 1 1'14~.u "um IUIIIII •• "'I_"NNI."II"lI._'UI_ 
- - - J.,J'r--.. ~-~ ~ 
10.0 20 .0 30.0 40.0 50.0 60 .0 
2 - Theto, deg 
Figure 4.12 GSAS profile plot for the LaBail refinement of structural parameters 
for La". 
4.4.2 Molecular Geometry 
The refined cell parameters were used in the refinement of the atomic parameters. 
Both carbon and oxygen atoms were refined anisotropically with restraints of 1.54 
A (e.s.d. 0.00 I) for C-C and 1.40 A (e.s.d 0.00 I) for c-o bond lengths and 
109.00° (e.s.d. 0.0 1) for the bond angles. Hydrogen atoms were not included in 
the refinement. The final Rp factor of the structure was calculated to be 0.049 with 
a weighted factor of 0.065. 
The geometry for the Lal'l is given in Figure 4.13, showing that the geometry of 
the galactose moiety is relatively unaffected by the removal of the hydrate 
molecule. The intramolecular hydrogen bond 0(9)-H ... 0(5), was present within 
the structure, similar to both the La. H20 and the L~ structures. 
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Figure 4.13 Molecular geometry of La" as relined by PXD data 
4.4.3 Unit Cell Parameters 
The unit cell parameters of the final refinement were influenced by the effects of 
refining the atomic parameters and therefore, parameters were slightly altered. 
The fina l unit cell parameters were calculated to be a = 7.7965(4) A, b = 
19.6892(13) A, c = 4.91343(11) A with a unique ~ angle of 103.7961(28)° and 
cell volume of 732.48(5) A3. The affects of the refinement of atom parameters 
were to decrease the unit cell length along all three cell axes and in the ~ angle, 
with the most influence being attributed to the b-axis (- 1.0 A increase). 
The final refinement confirmed the larger cell parameters for the higher 
temperature refinement than that of the data presented by Platteau el al. ,17 but the 
Rp factors obtained previously (Rp = 0.0657; Rwp = 0.0733) were improved in the 
data presented in this body of work (Rp = 0.0526; Rwp = 0.0694). 
4.4.4 Bond Geometry 
Tables 4.7-4.8 outline selected bond lengths and angles of the LaH polymorph. 
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Table 4.7 Selected bond lengths from PXD refinement data of Lu" 
Bond Bond Length (A) 
O( I)-{:(4) 1.399(1) 
O( I}-C( I ') 1.404(1) 
C( 1'}-C(2') 1.52 1(1) 
C( I }-C(2) 1.534( I) 
C(4 '}-Q(4) 1.397(1) 
C( I }-Q(7) 1.399(1) 
C( I)-D( I 0) 1.397( I) 
q l '}-Q(5) 1.389(1) 
Table 4.8 Selected bond angles from PXD refinement data of La" 
Bond 
C( I '}-Q( I}-C(4) 
C( I}-Q( IO}-C( 5) 
O( 11 }-C(6}-C(5) 
O(7}-C( I)-D( I 0) 
C( I ')-D(5}-C(5') 
O(3}-C(3 '}-C(4') 
C(3}-C(2}-C( I) 
q2'}-C(3'}-C(4 ' ) 
Bond Angle (0) 
130.09( 11 ) 
109.43(6) 
109.40(9) 
109.44(8) 
109.40(16) 
109.40(9) 
109.46(6) 
109.38(6) 
J. H. Kirk 
The tight bond restraints resulted in relatively large associated e.s .d. values. The 
bond angles also showed the tight restraints. Loosening of these restraints resulted 
in an unstable refinement with chemically unreal bond lengths and angles, 
therefore the tight bond restraints were maintained. 
4.4.5 Hydrogen Bonding 
Table 4.9 outlines the hydrogen bonds less than 2.9 A, according to Mercury 
software v. 1.4.2. 
Table 4.9 Hydrogen bonds of the Lu" crysta l structure 
D-H ... A D ... A (A) Symmetry Op. I 
0(9)-H ... 0(5) 2.595 x,y,z 
0(7)-H ... 0(3) 2.056 x,y,z 
0(3)-H ... 0(7) 2.056 x,y,z 
0(2)-H .. . 0(6) 2.85 1 x,y,z 
0(6)-H .. . 0(2) 2.935 x,y,z 
0(8)-H ... 0( 1 I) 3.04 1 x,y,z 
O( I I )-H .. . 0(9) 3.190 x,y,z 
Symmetry Op. 2 
I·x, Y.+y,l·z 
I-x, Y2+y, J-z 
x,y,z 
-I +x,y,-I +z 
l+x,y,z 
l+x,y, l+z 
- I +x,y,-1 +z 
The hydrogen bond lengths show that the bonds between the anomeric oxygen of 
the glucose moiety of one lactose molecule and an adjacent lactose molecule, 
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(O(7)-H ... O(3» is shorter than expected. This would account for the shorter b-axis 
cell parameter. 
4.4.6 Packing Plots 
The hydrogen bonds, outlined in section 4.4.5, link a-lactose molecules in a three-
dimensional form. Unlike the LP polymorph, all hydrogen bonding motifs may be 
observed along the c-axis, within the ab-plane. Figure 4.14 outlines these motifs. 
Figure 4.14 highlights the repeating pattern of the lactose molecular arrangement 
within the unit cell. There are only four different hydrogen bonding motifs within 
the unit cell. The S(7) motif, which is common to all lactose polymorphs; R3)( 16); 
R22(7) and the higher level R44(24). Examination of the unit cell reveals no other 
hydrogen bonding motifs. 
a 
"'IO'--___ b 
Figure 4.14 Packing plot of Lu" along the c-axis. The blue molecule highlights the 
central lactose molecule. The four major hydrogen bonding motifs are observed: (A) 
S(7); (8) RJJ(16); (C)R',(7); (0) R'.(24) 
Figure 4.15 shows the view of the LaH packing plot along the a-axis. The packing 
plot reveals repeating zigzag sheets of lactose molecules. The molecules within 
the sheets have alternating orientations. 
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Figure 4.15 Packing plot of La" along the a-axis. Lactose molecules are arranged in 
a repeating zigzag sbeet of lactose. The lactose molecules within the sheets have 
a lternating oricntations 
4.5 Structure Refinement of Stable Anhydrous a-Lactose 
Crystallographic data are rare for the Las polymorph. Growing large enough 
crystals for single crystal X-ray diffract ion analysis is made difficult by the 
insolubility of lactose in non-aqueous solutions. Dissolution in aqueous conditions 
either; causes rehydration and produces La. H20 crystals; or mutarotation leading 
to single crystals of L~. Investigations by Gamier et al. 19 and Dincer et at. 20 have 
indicated that there are some anhydrous solvents that Las is soluble in , such as 
dimethyl sulfoxide (DMSO) or N-methylpyro llidinone (NMP) but at the same 
time have indicated that these may lead to different so lvate polymorphs of Las 
and not the individual Las phase. 19 
Attempts to produce single crystals of Las from supersaturated solutions of both 
NMP and DMSO proved unsuccessful. Both solutions formed brown oily 
products assumed to be decomposing sugar. 
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Due to the difficulties in producing single crystals and the heavily overlapping 
PXD pattern, Rietveld refinement of a powder pattern of Las structure has only 
recently been carried out successfully by Platteau et al. 21 
Platteau et at. refined a triclinic structure that contained two non-equivalent 
molecules of a-lactose, these parameters differed from the remaining lactose unit 
cells which all crystallised with a monoclinic unit cell with two 
equivalentmolecules within the unit cell. The unit cell parameters were refined to 
be a=7.6522(2) A; b=19.864(1) A; c=4.9877( I) A, with unit cell angles 
a=92.028(1)0; P=106.261(1)0; y=97. 153(1)0.21 Attempts to refine the Las 
polymorph proved unsuccessful due to the complexity of the molecular 
arrangement but the diffraction pattern used in the previous refinement concurs 
with that presented in previous sections (Figure 3.10) and therefore, unit cell 
parameters presented by Platteau et at. 21 will be used to compare remaining 
lactose polymorphs. 
4.6 Structural Comparison of Lactose Polymorphs 
4.6.1 Unit Cell Parameters 
The unit cell parameters, obtained from the refinement of lactose polymorphs are 
outlined in Table 4.10. The table shows the relationship between the three a-
lactose polymorphs and that there is little correlation between those and the L~ 
polymorph. 
Table 4.10 Comparison of unit cell parameters of lactose polymorphs 
a (A) 
b (A) 
c (A) 
A (0) 
Be) 
ye) 
Vol (A3) 
La. H20 
4.78 
21.54 
7.76 
90.00 
105.91 
90.00 
768.85 
10.81 
13.33 
4.98 
90.00 
91.24 
90.00 
712.99 
La)) 
7.80 
19.69 
4.91 
90.00 
103.80 
90.00 
732.48 
Las 
7.65 
19.86 
4.99 
92.03 
106.26 
97.15 
730.32 
Refinement of powder diffraction data used the cell axes assignment opposing the 
configuration of LaH20 single crystal data, therefore the c-axis assignment in the 
powder diffraction refinement, actually corresponded to the a-axis parameters in 
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the single crystal X-ray diffraction refmement and vice-versa. To this end, relative 
comparative unit cell lengths corresponding to the a-axis of the powder diffraction 
data (the c-axis of the La. H20 single crystal refinement), were observed for all 
polymorphs. The length of the crystallographic c-axis is comparable throughout 
the a-lactose polymorphs. The crystallographic b-axis in the LaH20 is longer 
than in either LaH or Las phases, which show similar parameters. The unit cell 
parameters of L~ are discrete from the a-lactose phases. The removal of the 
hydrate molecules results in a reduction of cell volume from the La.H20 to the 
three anhydrous forms but the largest difference between the poly morphs was the 
triclinic space group of the Las polymorph containing two non-equivalent lactose 
molecules. 
4.6.2 Bond Lengths and Bond Angles 
A comparison of the bond lengths of La.H20, L~ and LaH is given in Table 4.11. 
Table 4.11 Comparison of selected bond len ths of La. H20, Land Lall 
Bond 
0(1)--(:(4) 
O( 1)--(:( I ') 
C( I ' )--(:(2' ) 
C(I )--(:(2) 
C(4'}--D(4) 
C(I }--D(7) 
C( I}--D( I 0) 
C( I '}--D(5) 
La. H 20 
1.437(2) 
1.398(2) 
1.523(3) 
1.533(3) 
1.423(2) 
1.399(2) 
1.4 17(2) 
1.426(2) 
Bond Length ( ) 
LP 
1.420( 1 ) 
1.432(1 ) 
1.569(1 ) 
1.504(1 ) 
1.407( I) 
1.388(1) 
1.397( I) 
1.440(1 ) 
1.399(1 ) 
1.404(1 ) 
1.521 (1) 
1.535(1) 
1.397(1 ) 
1.399(1) 
1.397(1) 
1.389(1) 
The Las phase was not included in the comparison due to incomplete nature of the 
refinement. Comparison of the bond lengths between the three lactose poly morphs 
showed that both the C-O and C-C bond lengths and selected bond angles were 
similar in all cases. 
Table 4.12 Comparison of selected bond angles of La.H20, LP and La,. polymorphs 
Bond Angle (0) 
Bond 
C(I '}--D(1)--(:(4) 
C( I }--D( I 0)--(:(5) 
0(1 1)--(:(6)--(:(5) 
0(7)--(:( I}--D( I 0) 
C( I '}--D(5)--(:(5 ' ) 
0(3)--(:(3')--(:(4 ') 
C(3 )--(:(2)--(:( I) 
C(2 ' )--C(3')--(:(4 ' ) 
La.H20 
116.90( 14) 
113.51(14) 
110.45(17) 
112.31(16) 
I I 1.90(13) 
111.19(16) 
I I 1.05(16) 
109.95(16) 
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LP 
109.13(1) 
109.00(1 ) 
109.03( 1) 
109.04( 1) 
109.08(1) 
109.0 1(1) 
108.94(1) 
108.96(1 ) 
Lall 
130.09( I I) 
109.43(6) 
109.40(9) 
109.44(8) 
109.40(16) 
109.40(9) 
109.46(6) 
109.38(6) 
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4.6.3 Hydrogen Bonding 
With the unit cell of the three comparable unit cells (La. H20 , L~ and LaH) there 
were two coincidental hydrogen bonds. The first was the intramolecular hydrogen 
bond, O(9)-H ... O(5). The second hydrogen bond, O(8)-H ... O(1 I) lies within the 
be plane (according to L~ and LaH, the same bond lies within the ab plane of the 
LaH20 unit cell). The other coincidental hydrogen bonds, between the La.H20 
and LaH phases were observed to be O(6)-H ... O(2), O(2)-H ... (6), and 0(11)-
H ... (9). The remaining hydrogen bonds within the L~ polymorph were unique to 
that phase. 
The different hydrogen bonds of the three phases resulted in three sets of different 
motifs. The inclusion of a hydrate molecule was observed to give the La.H20 
polymorph a much greater complexity of bonding within the unit cell. There were 
no less than 15 different motifs observed with the monohydrate structure. This 
number was greatly reduced in the anhydrous structure of LaH which had 
hydrogen bonds that were relatively long in comparison. Only four different, 
recurring hydrogen bonding motifs were noted within the LaH structure, bonding a 
maximum of four lactose molecules, with motifs 8(7) and R33(16) being 
coincidental between the polymorphs. 
L~ displayed five different high level hydrogen bonding motifs. The motifs linked 
three, four or six different lactose molecules. The completely different molecular 
packing resulted in only coincidental motif, 8(7), between all three poly morphs. 
4.7 Conclusion 
The complexity of data refinement of molecular structures, using powder X-ray 
diffraction data makes the process both challenging and time consuming. In 
contrast to single crystal refinement, Rietveld refinement is particularly 
challenging for low symmetry space groups and light molecules. Therefore the 
lactose systems were challenging to refme. Restrictions were required to ensure 
chemically sensible refinements. Such restrictions could enforce an endpoint that 
is not the global minimum of the system however, it is unlikely that an easy 
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solution to this issue could be found with the current capability of PXD 
refinement software. 
Both comparisons and contrasts were noted between each of the poly morphs with 
the most similarities, expectedly, belonging to the different u-lactose polymorphs. 
The exclusion of the hydrate molecule within the LUH structure allowed for large 
cavi ties between the lactose molecules. These cavities and the extension of 
hydrogen bond lengths account for the hygroscopic nature of the polymorph with 
hydrate molecules filling the cavities and extending the rigidity of the crystal 
lattice. The anomeric modification of the L~ lactose resulted in a completely 
different molecular arrangement. 
Comparisons and contrasts between the structural aspects of lactose polymorphs, 
obtained from the refinement of X-ray diffraction data, explained certain 
characteristic differences between the polymorphs. The analysis has also 
demonstrated the comparabi li ty between single crystal and powder X-ray data of 
molecular compounds, which has previously been reserved, for the majority, for 
ionic compounds. 
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5.1 Introduction 
5.1.1 Micronised Lactose 
The effects of particle size on pharmaceutical materials, such as lactose, have 
been the subject of much research. I ,2.3.4 In reference to dry powder inhalers 
(OPls), the correct particle size is essential for efficient drug dispersion 
throughout the respiratory system; Large particles, greater than 5 !lm, impact on 
the throat, whilst particles that are too small are exhaled. 
Micronisation is a method that reduces the size of particles. It has been 
suggested,s that more traditional grinding methods of micronisation, may not be 
as effective as methods such as spray drying. Grinding methods, such as wet 
grinding, form much flatter particles, which are known to have strong adhesion 
forces and hence, agglomerate together. Spray drying methods are known to 
produce much more homogenous particle size distribution with a more spherical 
shape which is easily dispersed, and therefore, has a higher respirable fraction .6 
A relatively large amount of literature exists on the study of the effects of particle 
size, the majority of which is attributed to pharmaceutical scientists. A number of 
different properties of particle size have been investigated using various 
techniques. Research includes studying the effects of: cohesion forces between 
drug particulates and that of the carrier, such as lactose and the dispersion 
characteristics;4 influence of formulation on de-aggregation and deposition of 
OPlss For example, Murtomaa et al. I studied the effects of particle morphology 
of spray dried lactose on the triboelectrification in dry powder inhalers. 
Triboelectric materials are those crystals that produce electricity when in contact 
with another, different material. Electrostatic charges are caused by the making 
and breaking of chemical, or adhesion forces. 7 The study of electrostatic charges 
is of great importance to the pharmaceutical industry. Charging of powders may 
have detrimental effects on products during processing and can decrease dose 
uniformity,S but it has been found that with reference to OPls, electrostatic 
charging may improve drug deposition. 9 Static charge may also help to target 
aerosols to the desired location of the respiratory tract. 10 
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Other phannaceutical products such as tablets are also affected by the particle size 
of their excipients. Research carried out by Keleb et al2 studied La. H20 , L~ and 
spray dried lactose and its effects on granulation and compression using a single-
step granulationltabletting technique which allowed continuous processing. Each 
type of lactose was used to investigate different factors. La.H20, of varying 
particle sizes was used to detennine the influence of lactose on tabletting 
properties. The L~ was used to detennine the effects of morphology and 
crystallinity compared to that of unmicronised La. H20 which had a similar 
particle size but different morphology and crystallinity. It was concluded that the 
single-step technique could be applied to various grades and morphologies of 
lactose by altering other factors such as water content. 
5.1.2 Particle Size and the Effects of Relative Humidity 
The effects of relative humidity on lactose have been documented covenng a 
range of industrial uses: Lin et al.,11 for example, studied de-sorption of milk 
powders for the food industry. Research has also been aimed at the effects on 
other sugars that might possibly be used for purposes similar to lactose.3 The main 
focus, though, according to the literature available has been for the pharmaceutical 
industry,12,13,14 ,15 with particular reference to amorphous content of 
predominantly crystall ine phases. 16,17 
There are a number of techniques that can be adopted to study the effects of 
relative humidity on a material. These include dynamic vapour sorption, DVS, 
and inverse phase gas chromatography (lGC). Amberkhane et al. 18 used IGC to 
measure the glass transition (Tg) of amorphous lactose under controlled 
temperature and humidity. The results obtained from the study showed that 
amorphous lactose readi ly equilibrates at 5-55% RH and spontaneous 
crystallisation occurs at 60% RH at ambient temperature. The authors concluded 
that lGC in combination with moisture isothenn data was effective in showing the 
four features of amorphous lactose: initial mobility, shown to be a transition in the 
material; Tg; collapse, indicated by a pressure drop across the IGC column; and 
crystallisation. 
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Dynamic vapour sorption (DVS) has also been used to study the Tg of amorphous 
lactose. Burnett et al. 19 studied both Tg and crystallisation processes using this 
technique. It was stated that water vapour can act as a plasticizing agent in 
amorphous materials and lower the Tg below room temperature. Additional water 
sorption above this temperature leads to crystallisation of the amorphous material. 
The authors studied the idea that there is often a critical relative humidity at which 
the glass transition will occur. Research in this area, allowed a material to be 
processed whilst avoiding the critical conditions and hence, the glass transition to 
be reached. Burnett et al. proved that DVS was a useful technique in studying the 
effects of relative humidity with respect to glass transition and temperature. 
The pharmaceutical industry has a high level of interest in micronised carriers 
such as lactose, therefore it is important that comparisons between the particles 
sizes of different batches of materials are made. These comparisons are usually 
carried out with laser diffraction techniques which measure particle size 
distribution (PSD) throughout the sample. Differences in particle size distribution 
may be indicative of potential issues within pharmaceutical formulations. The 
flowability of smaller particles is decreased due to increased cohesive properties 
whereas larger particles tend to be free flowing. If distributions change, 
flowability properties may be affected. 
The first section of this chapter uses PXD analysis to investigate the effects of 
dehydration techniques, outlined in chapter 3, on micronised lactose and discusses 
the effects of particle size. It is equally important, with pharmaceuticals being 
involved in a global market, that the influence of external environmental factors 
such as relative humidity (RH) be investigated and understood. Although this is a 
relatively well researched area with respect to thermal methods such as DVS,19,20 
investigation carried out in this chapter used PXD to show, crystallographically, 
the effects of RH on crystalline phases of La. H20 and Las. 
The particle size distribution of the two lactose sizes used in this section were 
analysed by laser diffraction and determined to have D50 (the particle size of 50% 
of particles in the sample) values of -6.5 ~m and 30 ~m for the micronised and 
163 
Chapter 5: Effects of Particle Size J. H. Kirk 
unmicronised samples, respectively. It should be noted that the term 
' unmicronised' represents samples prepared from the commercial lactose used 
throughout the remaining body of work but does not represent the largest lactose 
particles which may have 0 50 values of - 150 J.lm. 
5.2 Preparation of Polymorphs 
5.2.1 a-Lactose Monohydrate 
5.2.1.1 Sample Preparation 
Micronised lactose (supplied by 3M Health Care Ltd, Loughborough) was ground 
to form a homogenous material and analysed using parallel techniques to those 
outlined in previous sections. Room temperature PXD analysis was carried out 
using a Bruker 08 Advance di ffractometer outlined in chapter 3. The diffraction 
patterns were collected using a step size of 0.0 14 ° and step time of 0.48 s, 
resulting in a 20 min data collection. TXRD analysis was carried out using an 
Anton Parr HTKI200 high temperature sample stage as outlined in chapter 3. 
Data were collected over a period of I h between 40°C and 180°C in 10°C 
increments. 
5.2.1.2 PXD Analysis 
Figure 5.1 outlines the PXO pattern of the initial starting material for the 
micronised lactose samples. Comparison of the micronised La. H20 and that 
produced by the larger particle sized lactose showed that the initial micronised 
material had the same pattern as that of larger particle sized commercial lactose 
and that, hence, they were structurally identical. 
It can be concluded that any discrepancies observed between the products of the 
preparation methods are due to the influence of particle size. 
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Figure 5.1 pxn patterns of micronised starting material (D,. = 6.5 I'm) compared to 
unmicroniscd La.H20 (D,. = 30 I'm) 
S.2.1.3 TXRD Analysis 
TXRD investigation (Figure 5.2) into the effects of temperature on micronised 
lactose had brought about the hypothesis that, particle size may be one factor that 
influenced the formation of the LP polymorph. This is indicated by the presence 
of the characteristic LP reflection ca. 10.50 2e and suggested that it may be 
possible to form the anomeric polymorph by straight forward thermal methods 
rather than reflux ing La. H20 with alcoholic methoxide. On an industrial level , the 
formation of the more thermodynamically stable and anhydrous LP using thermal 
methods would be advantageous due to the more predictable nature of the 
polymorph. 
The results of the TXRD brought about the investigation of thermal preparation of 
LP using micronised lactose, parallel to those solvent methods used for the larger 
particle sized lactose. TXRD analysis of the larger particle sized lactose showed 
no presence of the LP reflections under the thermal conditions. 
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Figure 5.2 TXRD analysis of micronised lactose, outlining a phase change at 120°C 
and malting at -160°C 
5.2.2 p-Lactose 
Two preparation methods were investigated in the following section. The first was 
the well documented method that used alcoholic potassium methoxide and the 
second was an investigation into preparation using thermal methods, brought 
about by the TXRD investigation. 
5.2.2.1 Solvent Mediated Mutarotation 
5.2.2.1a Sample Preparation 
Methods outlined in chapter 3 were used to investigate the anomeric phase change 
in micronised La. H20 (Supplied by 3M Health Care Ltd, Loughborough) . La.H20 
(2.5 g) was refluxed with methanolic potassium methoxide (0.0143% (w/w), 25 
ml) for a period of 2 h. 
5.2.2.1 b PXD Analysis 
The PXD results of the initial preparation of L~, carried directly from the methods 
outlined in previous sections using a methanolic potassium methoxide solution 
(0.143% (w/w» are outlined in Figure 5.3. 
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When a comparIson was made between the resulting material from the above 
investigation and the known PXD patterns of the lactose polymorphs it was 
observed that the material prepared was that of the LIlS phase and not of the L~. 
When relating the rate of a chemical reaction to particle size, it is essential to take 
into account the influence of the increased surface area:volume ratio. With 
respect to the mutarotation of La. H20 versus formation of LIlS is made even more 
complex due to the nature at which the two reactions occur. 
LIlS has been shown to be produced when LIl.H20 is refluxed with methanol, 
therefore, the methanol within the methoxide would cause dehydration. The 
dehydration process occurred by the straight forward withdrawal of water 
molecules. Mutarotation, however, is assumed to be a reaction that occurs, for the 
majority, on the surface of the particles and also was also assumed to have a 
slower rate of reaction when in competition with the dehydration mechanism of 
the methanol. The higher surface area:volume ratio of the smaller particle size 
results in the faster dehydration mechanism being dominant within the system. It 
is therefore assumed that the dehydration had completed before the mutarotation 
mechanism had begun. 
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Figure 5.3 PXD patterns ofmicronised lactose treated with 0.143% and 0.246% 
methanolic potassium methoxide versus PXD patterns of L~ and Las 
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The dehydration also resulted in the removal of surface water. An assumption that 
water was necessary in the mutarotation mechanism was confirmed when no 
mutarotation was observed. Therefore, by increasing the concentration of 
methoxide, and effectively decreasing the concentration of methanol , it was 
assumed that the methoxide would compete with the methanol for reaction and if 
this hypothesis was correct, L~ should then form. The concentration of the 
potassium methoxide was increased two-fo ld to 0.246% (w/v) and the resulting 
material analysed using PXD and indeed showed conversion to L~ (Figure 5.3). 
5.2.2.2 Thermally Mediated Mutarotation 
5.2.2.2a Furnace System 
Samples of micronised La. H20 were ground and then placed in high temperature 
crucibles. These samples were then placed in a sealed quartz tube, to avoid surface 
melt, within a furnace and the sample purged at room temperature with nitrogen 
gas for a period of 30 min. On the assumption that the temperature of 
mutarotation may be lowered under dry atmospheres, temperatures of 50°C, 70°C, 
90°C and 150°C were investigated. Samples were analysed using the PXD 
instrument, outlined in section 2.1.2 over a 5-40 ° 29 range for 20 min. 
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Figure 5.4 PXD analysis of nitrogen heated micronised lactose - Furnace 
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The analysis shows that heating under nitrogen had no effect on the rnicronised 
lactose at temperatures up to 70°C. At 90°C, the phase is shown to begin to break 
down and form a less crystalline phase. On further heating, to 150°C, the unique 
L~ reflection at 10.5 ° 28 is present, indicating the desired phase change but the 
remainder of the diffraction pattern shows that tltis phase is not crystalline, shown 
by broad, poorly resolved reflections. The broad reflection indicative of the glassy 
state of La. H20 was present in all samples although, it was minimised slightly at 
150°C compared to those at other temperatures. 
[t was deemed likely that the glassy state was formed due to the shallow nature of 
the sample container. [n much the same way as the TXRD analysis that initially 
showed this phase change, the sample container within the furnace environment 
measured approximately 2 mm in depth. The result of the shallow sample was the 
total dehydration of the bulk sample before the particle surface mutarotation could 
occur. It was hypothesised that in order to recreate the TXRD results, the sample 
size would have to be increased and dehydration carried out under less harsh 
conditions. Due to this, development work switched to a closed system in where 
micronised La. H20 was heated in an evacuated flask over dry nitrogen gas. 
S.2.2.2b Closed System 
A closed system method was developed wltich increased the surface area of the 
sample and , at the same time, allowed a greater volume of sample to be used. 
Ground micronised lactose, 10 9 was placed in a 250 ml round bottomed flask. 
[nitial preparation, using a bubbler, showed that gas was released on heating, 
indicative of the dehydration process occurring. Nitrogen was passed over the 
sample on heating, creating the dry atmosphere in the same way as in the furnace 
investigation. Observation showed that the closed system used, created a 
condensing situation, causing the evaporating vapour to fall back in the solution. 
The resulting surface water caused a melt. Within 30 min of heating at 160°C, the 
entire volume of sample had formed a black viscous melt. 
Further investigation used a system fitted with a drying tube to draw out the 
water, eliminating the condensing system and therefore the surface water. 
Temperatures of 130°C, 150°C and 160°C, over a period of 3 days, were 
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investigated. Samples were analysed USing the instrument outlined In section 
2.1.2. 
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Figure 5.5 PXD analysis of nitrogen heated micronised lactose - Closed System 
Analysis showed that heating at 130°C showed the presence of hygroscopic 
lactose (LaH) was present in the mixed phase LP sample, Figure 5.5 . Investigation 
into higher temperatures was taken through an intermediate heating stage due to 
thi s observation. It was thought that if a complete phase change from La.H20 to 
LaH could occur before the LP phase was formed, the unstable nature of LaH 
would allow the manipulation of the sample to eliminate the LaH phase. 
It was observed that this theory was partially correct. Comparing the diffraction 
patterns of the sample at 130°C and the samples at 150 and 160°C shows that the 
refl ections indicative of LaH were no longer present in further samples. This 
however, did not eliminate the broad reflection, initially thought to be due to a 
La. H20 melt present at approximately 19.9° 29. 
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The PXD analysis proved that, hypothetically, the formation of L~ from 
micronised lactose is possible but further investigation is necessary. The two 
methods outlined in this investigation were both static in nature. If the phase 
change is due to surface effects, it is likely that a more dynamic method is 
necessary to form homogenous pure phase L~ lactose. If a dynamic system was 
used, such as roller drying, it is assumed, coupled with the conditions outlined 
above, that L~ could be formed. 
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Figure 5.6 Comparison of nitrogen heated micronised lactose with LP and Lu" 
5.2.3 Stable Anhydrous a-Lactose 
In parallel to the investigation carried out in chapter 3, the formation of Las from 
micronised La. H20 was carried out using two alternative preparation methods: 
so lvent dehydration and thermal dehydration. 
5.2.3.1 Solvent Dehydration 
Micronised La. H20 (supplied by 3M Health Care Ltd, Loughborough) (1 g) was 
added to dry ethanol which had previously been dried over molecular sieves (10 
ml). The solution was stirred under reflux for I h. After filtration and evaporation 
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of any remaining alcohol, the sample was analysed using the PXD parameters 
outlined above (section 5.2.2.). 
Previous investigation into the formation of L~ had shown that the smaller particle 
size is capable of forming the dehydrated Las polymorph using a methoxide 
solution. The dehydration of La.H20 was confirmed by solvent dehydration and 
the resulting PXD patterns outlined in Figure 5.7. 
The results concur with the previous investigation and shows that particle size has 
no detrimental effects on the quality of the reaction. 
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Figure 5.7 PXD patterns of micronised lactose treated with methanol versus 
PXD pattern of Los 
Figure 5.7 illustrates that there was found to be very little difference between the 
diffraction patterns of the micronised lactose and the commercial lactose. The 
signal to noise ratio was notably lower with respect to the micronised sample. A 
comparison of certain reflections gave some indication of the relative crystallinity. 
The reflection ca. 12.3° 29 gave FWHM values of 0.344° and 0.386°, averaged 
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over several samples, for the commercial lactose and the micronised lactose 
respectively. These results showed that the reflection for the micronised lactose 
was approximately 11% wider than for that of the commercial lactose. The 
FWHM for the major reflection (ca. 19.36° 29) also showed that the commercial 
lactose was more crystalline; A FWHM measurement of 0.208° was calculated for 
the commercial lactose, compared to that of 0.276° for the micronised sample. 
This resulted in a 24% more broad reflection in the smaller particle sized sample. 
In opposition to these, however, measurements such as the FWHM of the 
reflection at approximately 18.0° 29, were calculated to be narrower for the 
micronised sample that than of the commercial samples (average of 0.201 ° 
compared to 0.232°), indicative of increased crystallinity of the unique Las 
reflections in the micronised samples according to the Debye Scherrer equation. 
The Debye-Scherrer equation, as previously discussed in chapter 2, identifies 
crystal size by considering the full width-half height maximum (FWHM) of 
reflections within a PXD pattern. 
D= KJ.. 
/lcosB 
Equation 5. J 
D is the size of the crystal, in the direction perpendicular to the reflection plane; K 
is a constant (-0.9); A. is the wavelength of the X-ray radiation and/l is the FWHM 
in radians, therefore crystal size is inversely proportional to the FWHM of 
reflections. 
5.2.3.2 Thermal Dehydration 
Investigation into the effects of thermal heating on larger particle sized lactose 
(approximately 10-30 flm) led to the observations that heating a sample in air 
caused a surface melt. Grinding to a homogenous material led to the inclusion of 
that melt into the polycrystalline sample and resulted in a material comprised of 
both crystalline and glassy material. This observation was expected for the 
micronised material ; particle size, hypothetically, would increase this influence 
due to the surface area:volume ratio and therefore resulted in a material with a 
higher level of glassy material. 
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In order to compare the effects of thermal dehydration on the two particle sizes, 
samples were prepared using both covered and open conditions. The covered 
samples were prepared using a covered crucible to protect the sample from the 
harsh environmental conditions and the open sample, exposed to the air. Both 
samples were heated at 160° C for 16 h. 
5.2.3.2a Open Method 
It has previously been shown that thermal dehydration of commercial lactose 
results in two different diffraction patterns depending on the conditions of the 
sample, be it covered or exposed to the ovens atmosphere (chapter 3). Due to this, 
it was assumed that the two different conditions would also affect the micronised 
a-lactose monohydrate. Figure 5.8 exhibits the results of duplicate sample 
preparations using the uncovered technique and compares it to that of the PXD 
pattern obtained for commercial lactose treated under the same conditions. 
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Figure 5.8 PXD analysis of open micronised La. H20 samples at 160°C. 
Samples 1 and 2 show the resulting PXD patterns of duplicate preparations. 
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The PXD patterns show that phase formed from the micronised a-lactose 
monohydrate was different to that of the commercial sample. This observation 
was confirmed by a duplicate sample. There were several factors that could be 
carried over from one to the other. The most striking visual difference, between 
the samples of differing particle size, is the shape of the diffraction pattern and the 
presence of the L~ reflection at 10.50 29. The major reflections for each sample 
are within the same region, between 17 - 220 29, but the reflections themselves 
differ between samples. The micronised samples show the major reflections at ca. 
19.1 , 20.0, 20.7 and 21.00 29 within this region and have a broad, slightly skew 
peak shape. Alternatively, the commercial sample, with a larger initial particle 
size, shows major reflections at 19.2, 19.6 and 20.1 029. 
S.2.3.2b Closed Method 
Samples of ground micronised lactose thermally treated using the same methods 
as previous sections but covered with a glass Petri dish to protect against surface 
melting. The method produced the PXD patterns given in Figure 5.9. 
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Figure 5.9 PXD patterns of thermally trea ted contai ned samples versus La.H20 and 
Las fo rmed by solvent methods. Samples 1 and 2 show the resulti ng PXD patterns of 
duplicate preparations. 
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Figure 5.9 showed a marked difference in PXD pattern, indicating the presence of 
a different phase. This was confirmed by the repeat analysis, traced in blue. The 
shape of the patterns differs in a number of respects, the main region of 
dissimilarity being the region of major reflections between 17 - 220 20. The 
presence of the reflection at 10.60 20 implies similarities between the covered and 
uncovered samples of micronised a-lactose monohydrate but if these PXD 
patterns are compared to the initial starting material, this reflection has been 
introduced due to the heating process. 
It was concluded that not only did the samples of micronised lactose behave 
differently in a protected and exposed heating environment, both of the samples 
showed a different phase present compared to that of the commercial, 
unmicronised lactose. Previous research7 has shown that thermal and solvent 
dehydration techniques formed the same polymorph; this is not the case for the 
micronised lactose, implying that this change in phase is due to the smaller 
particle size. On the addition of heat, any phase change would initially be to the 
surface of the particle and then through to layers beneath that surface. A sample 
comprising smaller particles would produce a more homogenous phase change. 
This addition of heat would also have a greater effect on smaller particles as they 
have a higher surface area: volume ratio and hence, chemical potential. Due to the 
observed increase in sensitivity to heat, further comprehensive research is required 
to determine the mechanism in which heat dehydrates micronised a-lactose 
monohydrate. 
5.2.4 Hygroscopic Anhydrous a-Lactose 
5.2.4.1 Sample Preparation 
In-situ methods, outlined in chapter 3, were performed on micronised lactose to 
study the effects of the particle size on the formation of the hygroscopic 
intermediate polymorph. Samples were run in duplicate to determine 
reproducibility. 
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5.2.4.2 PXD Analysis 
Initial research into the hygroscopic form of anhydrous a-lactose has shown that 
in-situ diffraction is the most effective method of producing this polymorph for 
PXD analysis. 
, •. 
" 
Figure 5.10 PXD patterns of ill-,1111 micronised La" 
Figure 5.10 shows the reproducible results gained !Tom the in-silu method. The 
PXD patterns show a very crystalline material with little background and good 
signal to noise. The two samples show good comparison with regards to 29 
values but there is indication that preferred orientation may be a factor. Previous 
SEM investigation has shown that in the crystallisation of the hygroscopic form of 
lactose, propagation only incurs along two axes, explaining this preferred 
orientation. 
Although the patterns were similar, there were a number of differences between 
them. The presence of the L~ reflection at 10.50 2() in the micronised sample 
appeared to be characteristic of the particle size akin to previous analyses. 
The remaining major reflections are comparable for the micronised and 
commercial lactose samples (Figure 5.11). Many of the remaining discrepancies 
177 
Chapter 5: Effects of Particle Size J. H. Kirk 
could be attributed to preferred orientation, with the exception of a small 
reflection present in the micronised sample that occurred ca. 15.50 29. 
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Figure 5.11 PXD patterns of ill-silll micronised La" (2-6 I'm) versus La" (10-30 I'm) 
5.2.5 Summary of Micronised Lactose PoJymorphs 
The initial findings of the transferal of methods from commercial lactose to 
micronised lactose gave indications of the importance of thoroughly 
characterizing a compound in a number of situations. 
All methods of dehydration of micronised lactose resulted in different crystal 
phases (as shown in Figure 5.6). The phases observed for the initial monohydrate 
structure, the hygroscopic lactose and the solvent treated anhydrous sample, all 
produced phases similar to that of the commercial, larger particle, counterparts. 
Heat, however, appeared to have had a more complex effect on the smaller 
particle size and further investigation into this factor is required to approach a 
concise, mechanistic conclusion. 
The observation of the unique LP reflection at approx imately 10.50 29, during 
thermal treatment of micronised La.H20, implied that it may be possible to form 
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the single pure phase L~ by simple thermal methods instead of the use of 
flammable solvents. If a single phase L~ could be produced from simple methods, 
on an industrial scale, it wou ld have the potential to be used as an alternati ve to 
the less thermodynamically stable La. H20 in pharmaceutical applications. 
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Figure 5.12 Comparison of PXD patterns for micronised poiymorphs 
Particle size has been demonstrated to have an effect on polymorph formation of 
lactose but other external influences might affect the structural and physico-
chemical characteristics of the material. The following section briefly outlines the 
effects of relative humidity when influenced by particle size. 
5.3 Particle Size and the Effects of Relative Humidity 
The work carri ed out in this investigation was developed to show the effects of 
relative humidity (at ambient temperature) on anhydrous a-lactose with samples 
of varying particle sizes. Both unmicronised and micronised La. H20 were used to 
study the physisorption patterns of the material. Three different relative 
humidities were studied; 35%, 55% and 75% RH. 
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5.3.1 Sample Preparation 
5.3.1.1 Lactose 
J. H. Kirk 
Samples of Las were prepared using commercial crystalline lactose using the 
methods outlined in section 3.2.3. Samples of micronised Las were prepared using 
a similar method, by refluxing micronised La. H20 (5 g) in dry ethanol, dried over 
molecular sieves, (50 ml) for I h. The resulting slurry was filtered and dried in air. 
The RH of the ambient room on the day of preparation was measured at 43.6% 
RH. After preparation, each sample was compressed into an aluminium flat plate 
X-ray sample holder throughout the duration of the investigation (Figure 5.13). 
5.3.1.2 Relative Humidity Chambers 
Three relative humidity chambers were prepared usmg saturated solutions of 
sodium chloride; magnesium nitrate and calcium chloride; these solutions created 
varying degrees of relative humidity; 75% (actual RH = 75.5 +/- 5%), 55% (actual 
RH = 48.7 +/- 5%) and 35% (actual RH = 26.8 +/- 5%) respectively2 1 
Figure 5.13 Lactose sample for exposure in the RH chamber 
Samples were held in sealed desiccators for periods of 0, 14 and 28 days. 
5.3.2 Effects of 35% RH 
5.3.2.1 Micronised a-Lactose 
Figure 5.14 shows the PXD resulting from the analysis ofa sample ofmicronised 
anhydrous lactose after at t=0 days, t=14 days and t=28 days. 
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Negating the strong reflection occurring ca. 38° 26, which was attributed to the 
aluminium sample holder, there was little difference in the three patterns obtained. 
This result was expected and concurred with previous work where storage 
conditions of ambient temperature at 35% RH had no rehydration effects. 19 
The diffraction patterns show no obvious indications that storage of the 
micronised sample at a lower RH, over the sample period investigated, produces a 
more crystalline product, therefore implying that the initial material was, for the 
most part, crystalline at the start of the investigation. The true level of crystallinity 
would have to be measured using thennal techniques such as DVS; techniques 
that were out of the scope of this investigation. 
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Figure 5.14 PXD patterns ofmicronised lactose at 35% RH: 1=0 days; 1=14 days; 
1=28 days 
5.3.2.2 Commercial Lactose 
4 
Figure 5.15 shows that storage of the commercial lactose, with a larger particle 
size distribution at lower RH has no major influence on the overall crystallinity of 
the sample. 
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The baselines of each of the PXD patterns appeared to be equivalent and therefore 
implied that the signal to noise ratio was approximately the same for all PXD 
analyses. There was a clear decrease in intensity of the sample reflections and a 
decrease in crystallinity. The FWHM of the major reflections is 0.2170 of the 
initial sample compared to that of the 0.4280 on the sample of the 28 day period at 
35% RH. The reflections also became less well resolved over the storage period. 
Notable reflections included those ca. 16.8 and 18.0 0 28. The reflection that 
occurred at 16.8 0 28, present in the initial sample and also the sample at 14 days, 
was no longer present in the sample at 28 days. Although it is a minimal 
reflection, it was the only reflection not present after storage. 
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Figure 5.15 PXD patterns ofunmicronised lactose at 35% RH: 1=0 days; 1=14 days; 
1=28 days 
It should be noted that effects of preferred orientation were negated from this 
investigation as the sample remained in the same state throughout the 
investigation, without agitation, therefore any change in intensity was either due 
to effects of RH or instrumentation deviants. 
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5.3.2.3 Conclusion - 35% RH 
When comparing the PXD patterns obtained through storage at 35% RH, it could 
be observed that, although the samples of the commercial lactose become 
noticeably less crystalline over time, there is very little difference in the sample 
analyses. 
In conclusion, the lack of alteration in any factor relating the phase change, or 
introduction of said phase, shows that 35% RH has little or no effect on Las . 
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Figurc 5.16 PXD patterns at 35% RH: pattcrns in black trace rcprcscnt microniscd 
samples 
The effects of storage at 55% RH were similar to that of 35% RH. There were no 
indications of phase change; the sample remained stable in the anhydrous 
polymorph for the period of investigation. 
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5.3.3 Effects of 55%RH 
5.3.3.1 Mic ronised Lactose 
1400 
1300 
1200 
1100 
1000 
900 
~ 
.: 800 
• ~ 2. 700 
• 
...J 600 
500 
400 
300 
200 
'00 
0 
5 '0 20 30 
Figure 5.17 PXD patterns of micronised lactose at 55% RH: 1= 0 days; 1=14days; 
1=28 days 
5.3.3.2 Commercial Lactose 
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Figure 5.18 PXD patterns of un micronised lactose at 55% RH: 1=0 days; 1=14 days; 
1=28 days 
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The PXD analysis, outlined in Figure 5.18, confi rmed that in parallel to the 
micron.ised material, a relative humidity of 55% had no influence over the overall 
crystallinity of polymorphic transition of the unmicronised Lus sample. The Lus 
form remained throughout the 28 days period. The only visible di ffe rence between 
the PXD patterns is the drop in overall intensity of the reflections. As this drop in 
intensity was observed in all reflections, it was concluded to be instrument 
dependent. 
5.3.3.3 Conclusion - 55% RH 
Figure 5.19 confirms the findings that storage at 55% RH at ambient temperature 
has no effect on the Lus poly morphs, irrespective of particle size, when 
compressed. 
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Figure 5.19 PXD patterns at 55% RH: patterns in black trace represent micronised 
samples 
5.3.4 Effects of 75% RH 
5.3.4.1 Micronised Lactose 
Figure 5.20 describes the results fo r the micronised lactose samples exposed to 
75% RH. 
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Figure 5.20 PXD patterns of micronised lactose at 75% RH: 1=0 days; 1=14 days; 
1=28 days 
• 
The PXD patterns obtained from the analysis of the compressed sample of 
micronised lactose stored in 75% RH show the partial re-hydration had occurred 
after 14 days. The reflection ca. 18.5° 29, indicative of the anhydrous polymorph, 
did not appear in the diffraction pattern obtained after this time period and a 
number of reflections that were attributable to the monohydrate polymorph began 
to appear (ca. 16.5° 29 for example). The sample became more crystalline over 
time, as shown by the more resolved peaks and the peak narrowing. 
Comparing the diffraction pattern from 28 days at 75% RH, to the original 
monohydrate, prior to solvent dehydration (section 5.3), it was concluded that the 
micronised Las converted back to the original monohydrate polymorph under the 
aforementioned conditions. 
5.3.4.2 Commercial Lactose 
Figure 5.21 outlines the effects of 75% RH storage on commercial samples of 
solvent treated lactose. Comparable to that of the micronised lactose, re-hydration 
occurred between 0-14 days at ambient temperatures. This confirmed theoretical 
hypotheses that the high level of water in the atmosphere would encourage rapid 
re-hydration. 
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Figure 5.21 PXD patterns of commercial lactose at 75% RH: 1=0 days; 1=14 days; 
1=28 days 
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Figure 5.22 PXD patterns of commercial lactose: 28 days at 75% RH; initial 
unmicronised La.H20 
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The most obvious effect of RH came when comparing the monohydrate samples 
obtained from the RH investigation and that of the original monohydrate used in 
the solvent dehydration. 
Although, the intensity of the diffraction patterns has been scaled fo r comparative 
purposes, the most striking difference between the two samples is the level of 
crystallinity. The reflections of the sample produced from RH storage are much 
more clearly resolved and a lot sharper in shape. Both of these attributes suggest a 
highly crystalline material. 
Further investigation is required to fully comprehend the mechanism in which this 
crystallisation occurs. 
5.3.4.3 Conclusion - 75% RH 
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Figure 5.23 PXD patterns at 75% RH : patterns in black trace represent micronised 
samples 
To conclude, as is well documented, high levels of RH, such as 75%, has a 
physical effect on the re-hydration of the stable anhydrous form of lactose. There 
has been much research carried out on the study of relative humidity but the 
majority of this research focuses on the effects of RH on amorphous content of 
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materials 19 or pharmaceutical applications as a whole,22 .23 not on polymorphic 
phase changes of particular excipients, such as lactose. 
5.4 Submicron Lactose 
5.4.1 Sample Preparation and Analysis 
TXRD analysis was used to analyse the effects of temperature on submicron 
lactose. The diffraction instrument, outlined in section 2.1 .2, was fitted with an 
Anton Parr HTKI200 high temperature sample stage. PXD analysis was taken in 
20°C increments between 80-200°C with a data collection period of I h. Before 
analysis, the sample was vacuum dried for a period of 24 h. 
5.4.2 TXRD Analysis 
The initial sample shows the poorly crystalline nature of the submicron lactose, 
indicated by the broad reflections (Figure 5.24) 
Figure 5.24 TXRD analysis of submicron lactose 
As the temperature is increased the relative intensity of reflections alters but 
reflections are present at the same 29 values, hence there is no phase change 
throughout the investigation until 170°C when the phase melts. 
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There are no signs of the unique L~ reflection at 10.50 29, indicating that the 
submicron lactose behaves differently to that of the micronised lactose. The 
decreased particle size and hence, increased surface area:volume ratio and 
chemical potential, allowed melting to occur throughout the sample at a faster rate 
of reaction than that of the mutarotation mechanism. Submicron lactose samples 
hypothetically contain varying levels of amorphous content and would require 
further investigation to evaluate the effects of amorphous material using more 
physical methods of characterisation such as specific thermal methods. 
5.5 Conclusion 
There is an obvious and theoretically expected influence of particle size on the 
behaviour of lactose poly morphs. Several factors were observed within the first 
section of this chapter that emphasise the complex mechanistic pathways of 
micronised materials. The most significant of which was the mutarotation versus 
dehydration pathway. To date there is little published research into this 
mechanism and requires further investigation before a comprehensive 
understanding may be achieved. 
The second section of this chapter, investigation in the effects of RH on both 
micronised and unmicronised material , confirmed that which has been previously 
been shown by thermal in-situ methods such as DVS and shows that PXD has the 
capacity to qualitatively show the effects of RH on the crystallinity. Although no 
quantitative data is obtainable from PXD, with respect to amorphous content, it is 
able to show polymorphic phase changes and rehydration. 
The third section of this chapter emphasises the limitations of the technique. 
Submicron lactose can generally be thought of as a component of amorphous, in 
as much as the particles are so small and so readily affected by external influences 
that there is very little long range order within the crystal and at least part of the 
bulk material is made up of amorphous material. This is shown by the lack of well 
resolved, sharp reflections within the PXD pattern. 
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PXD has been shown to be of use when comparing the effects of particle but it is 
imperative that a range of techniques be used in order to adequately ascertain the 
full effects on both a physical and molecular level. 
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6.1 Introduction 
During the drug formulation process interactions of materials, with both solvents 
and heat, can lead to polymorphic changes. Incomplete phase changes can lead to 
mixed phases comprising components which may have different physicochemical 
properties from those of the single phase material. These samples have the 
potential to have a significant effect on performance. Polymorphism in both 
carriers and active pharmaceutical ingredients (APIs) may lead to, for example, 
unforeseen dosage problems if this possibility is not addressed. 
There are several methods of determining different lactose anomers in a sample. 
Both HPLC and calorimetric methods can determine the difference between a- P-
lactose but when the structural difference is small, as in that between La. H20 and 
the anhydrous Las, polymorph analysis becomes more difficult. Powder X-ray 
diffraction analysis can qualitatively distinguish between these two poly morphs in 
the crystalline form, the slightest differences between 29 values are easily noted, 
but without further investigation it is not possible to quantifY these phases. The 
observation that all major overlapping reflections for both phases lie within a 
close 29 range (18-22° 29) leads to a mixed phase material being even more 
complex to analyse. 
The work outlined in this chapter aims to investigate two different methods of 
quantifYing levels of stable anhydrous a-lactose, Las, and p-lactose, LP, when 
combined as mixed phase samples with La. H20 (hereby referred to as 
Las:La.H20 and Lp:La.H20 mixed phases accordingly), with the overall aim of 
developing a simple reproducible method from which lactose polymorph 
quantification may be determined. This will be carried out investigating two 
stages in the process: The first is the method of sample preparation and the second 
is the method of analysis. 
6.1.1 Calibration 
For any given quantification method it is essential to have a calibration or 
standardisation curve from which to base results. Each of the following method 
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combinations uses the same calibration theory and stati stical tests to estimate 
statistical significance of the data sets. 
6.1.2 Standard Preparation Methods 
Two different methods of standard preparation were investigated, each with both 
advantages and disadvantages. The first method used manual solid state grinding 
techniques to produce standard samples and the alternative method used a solution 
method using solvents as mixing media. 
6.1.2.1 Solid State Preparation 
There are a number of advantages and disadvantages to using a manual method of 
standard preparation. Advantages include time efficiency, with a preparation time 
of approximately 5 min, samples can be prepared with ease. As the preparation is 
a solid state process, there is no loss of sample or the opportunity for moisture 
inclusion into the sample. Disadvantages lie with issue of homogeneity. The 
difference in particle size, especially with regards to LCL.H20:LCLs system where 
the LCLs are much lighter and smaller in size. The smaller particles will have a 
tendency to settle on the bottom of a sample chamber, where the ' holes' in the 
system will be filled with the heavier LCL.H20 particles and any agglomerates 
settling on the surface. The process of manually grinding a sample may lead to the 
fracturing of particles which may in turn act as seeds for the production of 
opposing phases and also may encourage the production of semi-amorphous 
material. 
6.1.2.2 Solvent Mediated Preparation 
The method of using a solution medium was thought to, theoretically, improve the 
mixing and lead to a rugher level of homogeneity, but thi s process was not 
without disadvantage. There is no way of controlling any phase modifications 
once the mixing process has initialised and therefore will not be observed until the 
samples have been analysed. There is also a risk of moisture contamination from a 
non anhydrous solvent. From a time aspect, added steps required for solvent 
evaporation and drying means a less efficient procedure. 
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6.1.3 Data Collection and Sample Analysis 
Two methods of sample analysis were investigated: the first method used a 
manual, short time, long range analysis. PXD data were collected over a 20 min 
period between 5 - 40° 28, mimicking the data collection of an average full range 
PXD pattern. These data were then analysed by manually calculating a calibration 
curve using one unique reflection. 
The second method concentrated on two reflections previously chosen to 
represent the two phases contained within the sample and had a much longer 
sample time to ensure maximum intensity. This resulted in a short range, long 
time data collection. Sample ana lysis was initially carried out by the software 
program DQuant contained with the Bruker AXS suite of EVA software in order 
to collate a calibration curve. 
6.1.3.1 Long Range Analysis 
As with the manual sample preparation, manual analysis methods require a 
relatively short data collection time, approx imately 20 min. From the collection 
time, the full range of reflections was obtained and therefore maximum 
information obtained from these data. 
The use of manual calculation enables the method to be transferable from 
instrument to instrument. Although the calibration would be sample and 
instrument specific, the method and theory, if viable, would be easi ly applied to 
other instruments. The main disadvantage lies in the use of the relative intensity of 
a single reflection. As with any quantification process, the more data points 
analysed the better, but a single data point was chosen in thi s instance due to 
minimise the effects of parameters such as reflection overlap and preferred 
orientation. 
6.1.3.2 Short Range Analysis 
The single outstanding advantage that this method has over a short time long 
range method is the improved quality of the data generated. The collection of data 
over a short range allows the maximum intensity of the reflections to build up and 
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therefore gives a theoretically more reliable data set than a short time-long range 
analysis. This said, the extension of data collection time may be unrealistic in an 
applied industrial situation. The short 29 range would also mean that further 
analysis would have to be carried out to gain the remaining characteristic 
information that would not be obtained over that short range. The biggest 
disadvantage to this method of analysis, for the every day user, would be the non-
transferable aspect of the software used to calculate the calibration and therefore 
sample preparation and data collection would have to be modified. 
6.2 Sample Preparation 
6.2.1 Solid State Preparation 
Manual quantification methods required the collation of calibration data to 
construct a standardisation curve. Samples containing between 20% and 80% Las 
in 20% increments were prepared by grinding a stock batch (- 3 g) for 
approximately 5 min. Samples for the solid state preparation method (- 1.5 g) 
were taken from the stock. The aim of this method was to highlight any 
homogeneity issues within the sample preparation. 
6.2.2 Solvent Mediated Preparation 
Two non polar solvents, hexane and diethyl ether, were chosen as solution media 
for the generation of homogenous materials of mixed lactose polymorphs. In order 
to act purely as a mixing medium, the lactose had to be inert in these conditions. 
Both solvents had relatively low boiling points (- 69°C and - 35°C respectively) 
compared to that of lactose (- 220°C) and therefore enabled effective removal of 
solvent by evaporation before analysis. 
In order to ascertain any effects of exposing lactose poly morphs to the chosen 
solvents, single phase polymorphs were stirred, at room temperature, for a period 
of 3 h and then the solvent removed by evaporation to dryness. PXD analysis was 
carried out on the single phase materials using the parameters outlined in section 
6.3 .1. 
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PXD patterns, Figure 6.1, showed that stirring in hexane led to loss of crystallinity 
in the lactose samples compared to that of the diethyl ether, which was observed 
to have no detrimental effects on the quality of the powder materials. It was 
therefore concluded that diethyl ether was the solvent medium of choice. 
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Figure 6.1 PXO of La.H,O and La, in hexane and diethyl ether 
Standard samples (20-80% LusILP:Lu.H20 (w/w) in 20% increments, 2.5 g), were 
prepared and mixed at room temperature in diethyl ether, 20 ml, using the method 
outlined above. 
6.3 Sample Analysis: Data Collection 
6.3.1 Long Range Analysis 
Standard samples, for each mixed phase (Lus:Lu.H20 and LP:Lu.H20) were 
analysed in 0.5 g portions using Perspex flat plate sample holders and a Bruker 
08 Advance diffractometer using monochromated CUKa,1 radiation at A. = 1.5406 
A and a PSO (position sensitive detector). These samples were then analysed in 
triplicate by PXD, over a range of 5-40° 28 in 0.0147° steps over a period of 20 
198 
Chapter 6: Quantification of Mixed Phase Lactose J. H. Kirk 
min. Data for three sample sets, with known concentration yet unknown analysis 
order were also collected to confirm validity of calibration curves. 
6.3.2 Short Range Analysis 
Pure phase samples of both Las and L~ were compared to La.H20 in order to 
isolate unique reflections of each polymorph. These unique reflections had to be 
single well-resolved reflections, and therefore observed at relatively low angle but 
with a high enough intensity that they be distinguishable from the background 
noise. These criteria meant that the major reflections could not be used as the 
large amount of overlapping caused ambiguity of assignment of reflection to 
phase type. One reflection was chosen for each phase; a low intensity reflection at 
approximately 8.5° 29 representing the Las polymorph, a reflection occurring at 
10.5° 29 for L~ and a reflection at approximately 16.5° 29 representing the 
La. H20 form within the Las:La.H20 mixed phase and 12.5° 29 within the 
L~:La.H20 system. 
Mixed phase Las:La.H20 samples were analysed, initially, between 7-18° 29 over 
a period of 2.5 h, mixed phase L~:La.H20 and therefore data collection was 
performed over a 10-13° 29 range over a period of 2 h. As with the manual 
method, three samples of known concentration but unknown analysis order, of 
each mixed phase, 1.5 g, were prepared using the above methods in order to test 
the validity of the quantification process outlined. 
6.4 Sample Analysis: Data Analysis 
6.4.1 Long Range Data 
In order to normalise data for comparison, the relative intensities of the chosen 
reflection will be used to correlate the calibration curves. The chosen reflections 
are outlined in previous sections. For the long data range, the intensity of the 
unique reflections of LaslL~ were taken as a relative intensity of the major 
reflection of the panern. In all cases, this is the major reflection of the La. H20 
panern, occurring at - 19.9° 29. From the relative intensity data, the mean (x) and 
standard deviation (s) will be calculated and used to produce the calibration 
curves. 
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6.4.2 Short Range Data 
In parallel to the long range data, the data will be determined in terms of relative 
intensity. In this instance though, the major reflection is out of the scope of the 
short range data. Therefore, all the relative intensities are calculated as the 
secondary component (L~lLus) reflections relative to the Lu.H20 reflection. 
6.4.3 Generation of l e PXD patterns 
The analyses of both the long and short range data sets adopted many similar 
factors. In both cases the samples collected (10) were initially compared to 
calculated PXD patterns (le) in order to normalise the patterns for comparison and 
take into account any influence of instrumentation facto rs. 
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Figure 6.2 Exam ple of the Generation of I , data 
Each discrete calibration sample set was prepared from batches of pure phase 
materials, 0% and 100%, where 0% equated to pure pbase La.H20 and 100% to 
the pure phase of the other component (Lus/L~). By adding the intensity of the 
two pure phase PXD patterns together, correcting for both zero-point error and 
background, an effective 50% PXD was calculated. Using the intensities of the 
major reflections of each component as a ratio of each other, le patterns were 
produced for all the given concentrations. Figure 6.2 outlines this procedure. 
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The generation of le values also allows the investigation of systematic errors in 
sample preparation. 
6.4.4 Significance Tests and Systematic Errors 
6.4.4.1 t-Test 
By comparing the mean of a sample set 10 with the corresponding calculated le 
value, systematic errors can be observed. Equation 6.1 outlines this relationship in 
terms of the significance or, ' I' value. 
Equation 6.1 
Where J1 is the general term for the known value, in this case le, X is the mean of 
the sample set, n is the number of samples in the data set and s is the standard 
deviation within that sample set. In order to generate X values with a degree of 
confidence, the individual data are compared in order to highlight any outliers. 
6.4.4.2 F-Test 
The F-test investigates the significance in the difference of the standard 
deviations, i.e. the random errors, between the analytical methods. It can be used 
to show either a difference in precision between methods or the level of 
significance of one method over the other. In the first case, a two-tailed test would 
be used. A two-tailed test is a general significance test that is used when no 
direction is given to the suspect significance, when the difference could either be 
either positive or negative. The latter scenario is an investigation into which 
method is more precise, and hence more positive in precision, than the opposing 
method. In this case, a one-tailed test can be performed. Differences between one-
tailed and two tailed tests, lie in the probability; for a one tailed test the 
distribution of the mean is assumed to be symmetrical and therefore, the 
importance of the probability (P) is halved compare to that of the two-tailed test. 
The di scrimination between one- and two-tailed tests is also applied to the I-test 
outlined in section 6.4.2.1. 
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The equation for the F-test shows that significance of the precision, is calculated 
by a simple ratio: 
Equation 6.2 
The ratio above is assigned to each method so that the value of F :::: I . The null 
hypothesis for the F-test is that there is no significance between the samples and 
therefore that the value of F is close to I. 
In this body of work, the F-test will be applied to data to assess which analysis 
method, either long or short range analysis, is more precise and also to determine 
which mixed phase, LP:Lu.H20 or LUs:Lu.H20, is the most homogenous with 
respect to method. 
6.4.5 Outliers in data set 
Within any statistical analysis containing multiple samples, outliers may exist 
within a given sample set. The statistical significance of an outlier may be 
calculated by a number of methods, one of which is given by a value known as 
Dixon's Q. It is important to note, however, that as with the majority of statistical 
tests, Dixon's Q relies on the assumption that the samples have a normal 
distribution. Equation 6.3 outlines Dixon 's Q and how this value relates the ratio 
of the outlier to the overall range of the sample set. 
Q Isuspect value - closest valu~ (largest value - smallest value) 
Equation 6.3 
This ratio is compared to a pre-determined critical value for a probability (P = 
0.05) or a 95% significance limit given in statistical tables. I The null hypothesis 
for this statistic is that the suspect value is not an outlier. 
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6.4.6 Linear Regression 
In an ideal situation, the response for any given analysis technique would have a 
linear relationship to concentration. Therefore, the resulting plot of variable versus 
concentration would fit the well-known equation for linear regression: 
y=bx+a Equation 6.4 
Where b, the slope or gradient of the line, and a, the intercept along the y-axis 
may be replaced with m and c. 
In some ci rcumstances, where the plot is shown to be non-linear, for example if 
the response is exponential , linear regression may still be used as a calibration plot 
by taking the natural logarithm of either one or both of the axes. By substituting in 
the logarithms any errors caused by try ing to fit a linear-linear plot are minimised. 
It will be shown in future sections that this method was adopted for the work 
outlined in this chapter. 
6.4.7 Correlation Coefficient 
The product-moment correlation coefficient, r, is a test of how well the data 
points within a graph, fit a straight regression line. Software programs such as 
Microsoft Excel tend to report the coefficient value in terms of R2, the coefficient 
of determination, but in terms of linear regression / = R2. Reporting Rl means that 
the value will be quoted between 0 and I and not between -I and + I which is the 
reported range of r. The equation fo r calculating the correlation coefficient is 
given in Equation 6.5. 
L {(Xi -x)(y, - y)} 
r = ----'-----------;-
{[ ~(Xi -x)' I ~(yl - y)' ]}~ Equation 6.5 
The equation states that lines with an r value close to ± I shows good linear 
correlation and those with values closer to zero have limited linear correlation. 
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6.4.8 Errors in the Regression Line 
The regression line either calculated manually or by graphical software, is the 
primary resource for calculating an unknown value from a signal, i.e. , in the work 
presented here, the equation of the regression line will be used to calculate the 
percentage concentration of the LaslLp phase from a given intensity. The 
dependence on the values of both the slope and the intercept mean that an estimate 
of the error of these values should be considered. 
In order to calculate these errors the standard deviation Sy/x has to be calculated. 
This is outlined in Equation 6.6: 
J 
-l~(y' -Y.Y)2 
S y l ;r -
n-2 Equation 6.6 
Where, Yi is the calculated value of Yi, taken from the linear equation. Hence, y,-Yt. 
also known as the y-residual, equates to the difference in y-value between the 
observed data and the calculated data for a perfect linear correlation. This 
information is outlined in Figure 6.3. 
) 
0.' +-----,,"'- ------------1 
o~--~-_--_--~--~-~ 
o 2 ) , 6 
figure 6.3 Definition of(Yl - yJ 
The term (n -2) is equivalent to the number of degrees of freedom . The value for 
the standard deviation outlined in Equation 6.6 can then be used to calculate the 
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standard deviations for the slope and the intercept of the regression line; Sb and Sa 
respectively. 
S. = I 
{~(Xi - x)' r Equalion 6. 7 
Equalion 6.8 
The resulting standard deviations from Equations 6.7 and 6.8 can be used to 
calculate the confidence limits b± Is. and a± Iso respectively where I is determined 
by the desired confidence level and the number of degrees of freedom (n-2). 
6.4.9 Errors in Concentration Calculation 
The processes involved in calculating errors in concentration usmg a linear 
regression calibration plot are complex. It is broadly accepted, however, that 
Equation 6.9 can be applied to approximate these errors. 
Equalion 6.9 
Where, Yo and Xo are the experimental and calculated values respectively and Sxa is 
the estimated standard deviation of the calculated concentration. From this 
equation, confidence limits can be calculated by using the relationship Xo ± Isxo 
with (n-2) degrees of freedom. 
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6.4.10 Method Comparison using Regression Lines 
With respect to the comparison between analysis techniques, a regression line 
may be used to calculate the correlation. In an ideal situation, i.e. if the two 
methods resulted in the same concentrations, the regression would be perfectly 
linear and a=O and b=r=1. Taking into account experimental errors that occur 
with preparation and data collection, as well as systematic instrumentation errors, 
this 'perfect' situation rarely occurs. When applied to this body of work, several 
factors have to be considered: The rust factor is that this is not a viable 
comparison technique between long and short range data collection. The nature of 
the two methods means that although relative intensities of the reflections are used 
for both of the methods, the relative reflections differ between methods and are 
therefore non comparable: For example, when calibrating the LP mixed phase 
using the short range data collection, the LP reflection (- 10.5° 2e) is taken as a 
relative intensity of the La.H20 reflection at - 12.5° 2e. In the long range data it is 
more reliable to take the relative intensity with respect to the major reflection of 
the pattern. This occurs somewhere between 19-22° 2e and is therefore out of the 
scope of the short range data. It is possible, however, to adopt a linear regression 
approach to calculate the comparison between the two different phase mixtures 
i.e. investigate whether Lp:La.H20 and La, :La.H20 give similar calibration 
curves using the same data collection method. By plotting one set of relative 
intensities along the x-axis and the other along the y-axis, each data point would 
be matched in concentration between the two relative intensities. This theory is 
outlined in Figure 6.4. 
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Figure 6.4 A representation of the comparison of methods using linear regression 
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6.4.11 Weighted Regression 
Using a weighted regression, allows for the consideration that errors in small 
values affect the relative standard deviation to a much greater extent than errors in 
high values. For example, an error of ± 0.00 I will have much more of an impact 
on a data set with x = 0.5 than a data set with a x = 50. Another example, in 
relation to a concentration calibration, would be when the error associated with a 
data set is directly proportional to the concentration and hence, low concentrations 
have small errors and high concentrations have large errors. Weighted regression 
uses a weight which is inversely proportional to the attributed variance, i. In the 
second example given above, the result would be to add more weight to the 
smaller values and hence indicate that the calculated regression line should be 
better fitted to the smaller error bars than to the larger ones at higher 
concentration. The weighting factor may be calculated using Equation 6.10. 
Equation 6.10 
Where, Wi represents the weight of each data point. Although in practice, the 
resulting linear regression line appears similar when weighted and non-weighted 
lines are compared, when considering the errors and confidence limits of a 
calibration, the use of weighted errors gives much more realistic results. 
Therefore, weighted errors will be used for this investigation where necessary. 
When considering the calculation of concentration, in a weighted regressIOn 
calculation, the error, or standard deviation of a predicted concentration is given 
by the equation: 
S (y l x )w S =--
XO.. b 
1 1 (y" - ji)' 
Wo + n + b2(" 2 _ -2) LW'Y' nxw 
, 
When s (y/xJw is calculated using the equation: 
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1 
S(y Jx)w = 
(~:W'Y; -ny~ )_b2 ( ~ w,x:. -nX;) 2 
n-2 Equation 6.12 
In Equations 6.1 I and 6.12, the value of ycorresponds to the sum of the values of 
Yi multiplied by the weighting factor, w, divided by the number of samples, n. 
Hence; 
LW,Y, 
- , Yw =-"---
n 
Equation 6.13 
And the value of Xw is equal to the values of the respective weighted X i values and 
where ( xw, y w) represents the coordinates of the weighted centroid. It is important 
to clarif'y these details as the values of Xw and Yw are not simply a case of mean 
of the sample values which represent the centroid of the non-weighted regression 
line. 
The following data analysis allowed the determination of the best source of 
calibration data for the mixed phase lactose samples; Las:La.H20 and 
L~ :La.H20 . The aim of the investigation was to be able to draw comparisons 
between the two mixed phases and establish any trends that may occur within the 
two systems. 
6.5 L(l~:L(l.HIO Mixed Phase Quantification 
The raw data for all of the following sections may be found in Appendix 2 and 
should be referred to accordingly. 
6.5.1 Long Range Analysis 
6.S.1.1 l e Data 
The le data for the calibration curve was compiled using the procedure outlined in 
section 6.4.3. The PXD patterns outlined in Figure 6.5 represent the calculated le 
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Figu re 6.6 Plot of Los concentration versus relative intensity of the uniq ue Los r.Oection for 
the long range Los:Lo.H,O mixed phase materia l 
Table 6. 1 Relative intensity of I , Los reOection at 18.0° 29 for the solid state preparation of 
Los:Lo.H,O mixed phase material 
ILosl (%) Los ReOedion 
o 
20 
40 
60 
80 
Angle e 29) 
18.000 
18.037 
18.04 1 
18.047 
18.058 
Las 1nl. 
(Counts) 
o 
893 
1782 
2646 
3527 
Table 6.2 Relative intensity of I , Los reOection 
preparation of the Los.H,O mixed phase material 
ILosl (%) Los ReOection Las 1nl. 
Angle e 20) (Counts) 
o 18.01 29 
20 18.04 940 
40 18.05 1923 
60 18.05 2888 
80 18.05 3852 
Lo.H,Olnl. 
(Co unts) 
45 193 
63720 
48038 
32181 
16445 
Relative 1nl. 
(%) 
0.00 
1.40 
3.71 
8.22 
21.45 
a t 18.0° 29 for the solvent mediated 
Lo.H,O ln l. 
(Counts) 
174505 
27207 
20468 
13730 
6991 
Relative 1n l. 
(%) 
0.02 
3.45 
9.40 
21.03 
55. 10 
Linear regression calculated for the long range analyses of Los:Lo.H20 using log-
log plots of the Los concentration versus relative intensi ty gave R2 values of 
96.3% 96.6% for the so lid state and solvent mediated preparation, respecti vely. 
Values over 90% represent majority linear plots. This conclusion was confirmed 
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by the sum of the y-residuals which were calculated to be 0.005 for the solid state 
and 0.006 for the solvent mediated preparation methods. The determination of the 
linearity of the regression line confirmed the use of the regression method as a 
quantification tool for the mixed phase lactose. 
The differences in quality of data calculated for the two sample sets was 
investigated by calculating the errors associated with each of the regression lines. 
For the le data generated for the solid state preparation, the errors were calculated 
to be 1.894 ± 1.122 for the slope and 5.475 ± 4.291 for the intercept. These 
compared to 1.926 ± 1.104 on the slope and 4.665 ± 4.224 on the intercept for the 
solvent mediated preparation method. Comparison between the regression plots 
showed very similar profi les for the two different preparation methods, therefore, 
the use of the same reflection allowed comparison of samples irrespective of 
sample batch. 
6.5.1.2 ID Data 
An example of the PXD data collected for the long range analyses of the 
Las:LaH20 mixed phase are represented in Figure 6.7. 
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In addition to the reflection of interest, the long range data allowed extra 
information to be gleaned from the material. For example, the gradual increase in 
Las concentration, observed in le data (Figure 6.5) was evident from the PXD 
patterns; the decrease of the reflection occurring at approximately 12.5° 29 
represented a decrease La. H20 phase and the increase in the doublet of reflections 
occurring at 13-14° 29, increased with the amount of Las. 
The level of intensity of the La.H20, coupled with the broadening of the Las 
reflections confirmed, according to the Debye-Scherrer equation, Equation 6.11, 
that the Las has a smaller crystallite size than the La.H20. 
D= KJ.. 
fJ cos() 
Equation 6.11 
Where D is the size of the crystal, in the direction perpendicular to the reflection 
plane; K is a constant (- 0.9); A. is the wavelength of the X-ray radiation and fJ is 
the FWHM in radians. The FWHM of the coincidental reflection at 12.4° 29 was 
calculated as 0.325° for Las and 0.23 5° for La.H20. As the Debye-Scherrer 
equation is inversely proportional to the FWHM, this indicates that the crystallite 
size of the Las is smaller than the LaH20 . This was confirmed by the particle size 
distribution analysis by dry dispersion laser diffraction which showed that 50% of 
the particles in the Las sample were less than 7.5 ).lm and that the 50% of particles 
in the La.H20 sample were less than 30 ).lm. 
6.5.1.2a Solid State Preparation 
Table 6.3 outlines the mean relative intensity ofthe Las reflection (- 18.0° 29). 
Table 6.3 Mean (X ), standard deviation (s) and relative standard deviation (RSD) of 
calibration data obtained for the solid state preparation of Lus:Lu.H,O mixed phase 
material 
ILusl (%, w/w) x Relative S % RSD(%) Intensity (%) 
20.0 1.89 0.19 10.5 
40.0 4.75 0.86 18. 11 
60.0 2.09 2.09 15.03 
80.0 3.59 3.59 9.76 
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The high intensity of the La.H20 reflections compared to those of the Las, meant 
that the major reflections of the patterns, were always attributed to the La.H20 
material. 
It was observed that the samples corresponding to 40 and 60% Las showed the 
largest variation. This variation could be attributed to many factors including non 
homogeneity of sample. As random samples were taken from a bulk, it is possible 
that ' hot spots' of La. H20 were present in the sample due to non homogenous 
mixing. Also, as the La.H20 particles are larger in size and higher in density than 
the Las particles, the smaller particles may have fallen towards the bottom of the 
sample by falling into the open gaps created by the larger La.H20 particles, in 
both mixing and PXD sample preparation stages. 
A comparison was made between le and 10 data in which it was determined that a 
much sharper increase in relative intensity occurred at higher concentrations in the 
10 data than that proposed by the theoretically calculated data, suggesting that 
relative intensity was not directly proportional to concentration. This assumption 
was tested statistically by identifying the significance levels. The I-values (section 
6.4.4.1) for each of the calibration points were calculated to be 2.25, 2.25, 7.85 
and 16.24 for 20%, 40%, 60% and 80% respectively. The critical I-value (P=0.05) 
is tabulated to be 3.18 for degrees of freedom (n-I) = 3.1 The 10 sample sets for 
both 60% and 80% were significantly different, statistically, from the calculated 
intensity, therefore confirming the disproportional nature of the relative intensity 
with respect to Las concentration. 
The R2 value (95.5%) for the regression plot pertaining to the long range data 
analysis of the solid state preparation was relatively low compared to either an 
ideal linear regression or the associated le data. Investigation, aimed at 
determining the level of accuracy of the regression was carried out using the sum 
of the y-residuals and the possibility of using weighted regression. 
The sum of the y-residual was calculated to be -0.00 I indicating a majority linear 
plot. The discrepancy, causing the relative low R2 value, was due to the individual 
y-residuals, which showed the largest deviation from the regression line at the 
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40% Lus concentration calibration point. To investigate the possibility of a 
weighted regression, an interval plot was produced. The interval plot of the 10 
data, plotted for a 95% confidence interval (Figure 6.8), showed that the errors 
appeared to be proportional to the concentration, indicative of a situation where 
weighted regression is advantageous. For a definition of weighted regression, 
refer to section 6.4.11. 
Errors contributing to the non-weighted regression were calculated to be 2.093 ± 
1.385 for the slope of the regression line and 5.823 ± 5.300 for the intercept. By 
using the calculations outlined in section 6.4.11 , the weighted regression line gave 
a slope of 2.098 ± 1.531 and an intercept of 5.729 ± 5.858. Weighting of the 
regression line made little difference to the overall plot of the calibration; the 
values for both the slope and the intercept were comparable. The weighting did, 
however, lead to greater errors within the calibration curve, observed to be more 
realistic as a proportional error weighting was added to each concentration. 
40 
~ Xl ~ 
• ~ 
.f' 
~ 
= .. 
~ 
.5 ~ !I 
., 
I .. -.; ~ 10 
95"10 a for tile Mean OL-__ -, ________ -. __________ ,-________ -, __ --J 
40 
I LUsl (%) (w/w) 
Figure 6.8 Interva l plot for the long range, solid state preparation Lus:Lu.H,O mixed phase 
material 
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In order to ascertain whether the errors associated with the intercept of the 
calibration were due to the small number of data points, a brief investigation was 
carried out using the solid state preparation samples. A regression analysis was 
carried out using n=3 and n=9. Theoretically, an increase in the number of data 
points was expected to show a decrease in the error within the regression, as both 
the line and the errors are spread over a larger number of data points. 
Regression analysis of a three point calibration showed that the R2 value of the 
regression line was 99.2%, as expected, an almost perfectly linear regression line. 
However, calculation of the errors (slope = 1.588 ± 1.733; intercept = 4.455 ± 
6.276) concluded that the increase in linearity did not equate to better accuracy. A 
three point calibration plot contained too little data to accurately determine a point 
of intercept; the statistical significance, or critical (-value value, exponentially 
increases with a decrease in data points. For example when n = 4, (= 4.3; when 
n=3, (= 12.7, hence there is almost a three fold increase in error when the sample 
set reduces from n=4 to n=3. 
Additional samples were prepared corresponding to 10%, 30%, 50%, 70% and 
90% Las concentration, in order to collate the n=9 calibration. For a non-weighted 
regression, the equation determined the slope to be 2.002 ± 1.789 and the 
intercept, 5.330 ± 10.159. The values for the slope and the intercept were 
comparable to those calculated using the four point calibration although the errors 
were unexpectedly much broader with the increase in data points. It was observed 
that the linearity of the calibration was poor. The R2 value was reported to be 
92.1 %, a consequence of fitting a large number of data points, in which there 
seemed to be little trending that linked all points. Instead, there appeared to be 
different linear relationships between samples of 10-40% Las, 50-70% Las and 
70-90% Las. This observation may be theoretically exhibit several different stages 
of increasing Las concentration and the inhibition of the intensity of the relative 
La.H20 reflection but confirming this assumption proved problematic. 
The conclusion of the investigation into the number of data points used for 
calibration was that the advantages of using an n=4 calibration; the more time 
efficient methodology; the ease of generating linear data, outweighed the 
215 
----------------------------------- ----
Chapter 6: Quantification of Mixed Phase Lactose J. H. Kirk 
disadvantages; the possible decrease in accuracy due to the lowering of the 
number of data points, and was therefore deemed to be satisfactory. This 
conclusion was confirmed by comparison of the generation of concentrations of 
unknown samples using n=4 and n=9 calibrations (section 6.5.1.3). 
6.S.1.2b Solvent Mediated Preparation 
The results for the long range PXD analysis of solvent mediated preparation of the 
Las:La.H20 mixed phase materials, are summarised in Table 6.4. 
Comparison between the calculated le data and the observed 10 data for the solvent 
mediated preparation shows a tighter relationship to the theoretical and 
experimental data than that of its solid state counterpart. The sum of the y-
residuals for the solvent mediated preparation was equal to 0.006, comparable to 
the solid state preparation data. The solvent mediated preparation, however, 
resulted in a greater linear coefficient of determination, R2 = 98.2% versus 95.5% 
for the solid state preparation, therefore, even though the sums of the y-residuals 
were comparable, the solvent mediated samples showed a more even distribution 
about the regression line. 
Table 6.4 Mean and standard deviation of I. calibration data obtained for the solvent 
mediated preparation of Las:La.H,O mixed phase material 
[Las) (%, w/w) 
20.0 
40.0 
60.0 
80.0 
i Relative 
Intensity (%) 
2.06 
7.48 
19.18 
52.25 
s 
0.27 
0.61 
1.86 
9.47 
%RSD(%) 
13.08 
8.11 
9.71 
18.12 
The t-test values, comparing 10 and le data, for the long range solvent mediated 
calibration plot were calculated to be 5.35, 4.99, 2.71 and 1.85, for 20, 40, 60 and 
80% Las respectively at P=0.05. These values showed that at lower 
concentrations of Las, the observed relative intensities were significantly different 
from those calculated. The errors pertaining to a non-weighted regression analysis 
were calculated to approximate 2.265 ± 0.926 and 6.181 ± 3.544 for the slope and 
intercept respectively. 
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An interval plot showed a similar range of errors as the solid state preparation 
method. The proportional increase in error with Las concentration led to the 
compilation of a weighted regression. The weighted regression was determined to 
have a slope of2.194 ± 1.066 and an intercept of5.994 ± 4.086. 
6.5.1.3 Validity or Calibration 
In order to test the accuracy of the calibration curves, three unknown samples 
were analysed and applied to the calibration curves. 
6.5.1.3a Solid State Preparation 
In section 6.3 it was emphasised that although these samples were termed 
'unknown', three samples of known concentration were run in a random order. 
The concentrations for the three test samples in the case of the solid state 
preparation of Las:La.H20 coupled with the long range analysis were; 5%, 25% 
and 95% Las, designed to test the outer limits of the calibration. 
Table 6.5 gives the Las concentration obtained for the three unknown samples 
using the non-weighted regression. The errors pertaining to the calculated 
concentrations were obtained using Equation 6.9 described in section 6.4.9. 
Table 6.5 Results for the three samples ofL«s:La.H,O with unknown concentrations, using a 
non-weighted regressio:::n:..:c:::a;,lib::;ra=tlo::;n::.. ______________ _ 
Ln 
!Rel.lnt.) 
Unknown 1 J.I3972 3.32667 0.576 
Unknown 2 4.97924 5.078 \3 1.030 
Unknown 3 -1.39391 5.08843 1.210 
[Lusl 
27.87 
175.17 
8.30 
1.779 
2.801 
3.355 
It was concluded that the technique was relatively successful in determining the 
concentration of lactose mixed phases. From the known concentrations it was 
possible to match the unknown samples and hence conclude that unknown 1 was 
the 25% Las sample (27.9% ± 1.779%) and unknown 3, the 5% Las sample (8.3% 
± 3.355%). Unknown sample 2, however, did not concur with the 95% Las 
concentration expected. The high result was justified by considering a number of 
factors, one of which was the effects of overlapping major reflections of the Las 
and La. H20 phases: The group of major reflections of single phase Las occurs at 
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-18-200 29. This range is coincidental with that of the region of major reflections 
of single phase La.H20, -19-210 29 (Figure 6.1). The consequence of the overlap 
means that both Las and La.H20 contribute to the intensity of the major reflection 
(-19.90 29) used in the above calibration. This dual influence means that as the 
Las concentration increases, there is a disproportionate decrease in major 
reflection intensity. The effect of this is emphasised by the increase in unique Las 
reflection (18.00 29), which has no La.H20 influence. The result was to increase 
the relative intensity of the Las reflection above the expected level. A 
concentration almost two-fold higher than the expected value suggested that there 
was a chemical reason for this increase rather than a sampling explanation. The 
margin of error was too large to be due to simple bias of particles. 
The results of the weighted calibration show that the calibration gave not only 
closer results to the expected concentrations but also improved errors. Unknown 1 
was calculated to be 26.45% ± 1.13%; unknown 2; 165.61% ± 1.71% and 
unknown 3; 7.90% ±1.4%. It confirmed the anomalous result for the high 
concentrations and thus that the effects of these high concentrations may not be 
quantified with certainty at the 95% level. 
Table 6.5 Results for the three samples of Los: Lu.H,O with unknown concentrations, using a 
weighted regression ca:.::li~b:.:ra7ti~on:!-_______________ _ 
Ln 
Unknownl 
Unknown 2 
Unknown 3 
(Rel.lnt.) 
1.13972 
4.97924 
-1.39391 
Ln«Losl 
3.27451 
5.02218 
5.03246 
0.12423 
0.53465 
0.03763 
(LasJ 
26.45 
165.61 
7.90 
1.13 
1.71 
1.04 
In section 6.5.l.2a, it was detennined that an n=4 calibration was satisfactory for 
the quantitative detennination of mixed phase lactose materials. The following 
data uses the n=9 calibration to detennination the concentration of the unknown 
samples, as a secondary source of confirmation (Table 6.6). 
Table 6.6 Results for the three samples of Las:Lu.H,O with unknown concentrations, using 
the nine point, non-weighted regression calibration 
Ln 
Ln([Losl Ln(slL<ul) [Lus( SIL<u1 (Rel.lnt.) 
Unknown 1 1.13972 3.23163 1.609 25.32 4.996 
Unknown 2 4.97924 5.14947 1.404 172.34 4.072 
Unknown 3 -1.39391 1.96608 2.492 7.14 12.085 
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It was concluded that the concentrations resulting from the n=9 calibration were 
comparable to those obtained from the n=4 calibration. The errors pertaining to 
the samples, with particular respect to the lower concentration, were much greater 
than those expressed by the n=4 calibration. These errors may be observed to be 
more accurate due to the higher number of data points but would also allow a 
much broader range of concentration and hence wider and possibly overlapping 
specifications. 
Within the specifications of the method, the n=4 calibration was proven the most 
satisfactory form of standardisation. In order for a fully validated quantification 
method to be obtained, further investigation, out of the scope of this initial 
investigation, would be necessary to determine the upper and lower limits of the 
determination. 
6.S.1.3b Solvent Mediated Preparation 
Both non-weighted and weighted regression analysis were used to calculate the 
concentrations of LUs:Lu.H20 mixed phase systems. The sample concentrations 
of the solvent mediated preparation were designed to study the mid-range 
calibration, where the confidence levels are tightest, and were therefore 25%, 65% 
and 95% Lus. The 25% and 95 % Lus samples were prepared as a comparative to 
the solid state preparation samples. The results of the non-weighted regression are 
analysed in Table 6.7. The observations made regarding the high Lus 
concentration samples in section 6.5.1 are also made in the analysis of the solvent 
mediated samples of LUs:Lu.H20 mixed phase materials (Unknown 3 = 160.82% 
±2.870%). 
Table 6.7 Results for the three samples of Lus:La.H,O with unknown concentrations, using 
non weighted regression 
Ln Ln«(Lasl ~el. Int.l Ln(s, .... ,) (Lusl s, .... , 
Unknown 1 3.08858 4.09253 0.534 59.89 1.706 
Unknown 2 1.27584 3.292203 0.604 26.90 1.829 
Unknown 3 5.32587 5.08030 1.055 160.82 2.870 
The concentrations calculated using the weighted regression, as expected, gave 
similar results to those of the non-weighted regression (Table 6.8). The errors, 
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however, showed a large variation in the discrete samples in the weighted 
analysis, an observation not noted within the non-weighted regression analysis. 
Table 6.8 Results for the three samples of Los:Lo.H,O with unknown concentrations, using 
weighted regression 
Ln Ln([LasJ Ln(s' .... I) [Los) !Rel.lnt.1 s, .... , 
Unknown 1 3.08858 4.14442 0.979 63.08 2.661 
Unknown 2 1.27584 3.31456 0.215 27.51 1.240 
Unknown 3 5.32587 5.17793 2.852 177.32 17.320 
It was concluded that the errors applied to the weighted regression were 
inaccurate due to a greater disproportionality in the intervals at higher 
concentrations than previously observed (section 6.5.1.2a). It was assumed that 
the weighting of the disproportional errors added to the effects and produced 
larger errors than expected. Therefore, with respect to the solvent mediated 
calibration curve produced, weighting of higher Las concentrations was deemed 
inaccurate. 
The non-weighted calibration results were ±3.0% of the expected concentrations 
and therefore indicated that the calibration had relatively good accuracy with 
respect to mid-range concentrations. 
6.5.1.4 Comparison between Long Range Las:La.H10 Mixed Phase Samples 
The striking difference between the two preparation methods, already described in 
previous sections is the difference between the significance of the comparative t-
values. In section 6.5.1.2, the calibration points of the solid state preparation 
method showed significant differences between the calculated and observed data 
at high concentrations. The comparison between the calculated and expected data 
for the solvent mediated preparation method showed the opposite trend of having 
significant differences at lower concentrations. It was difficult to assess whether 
these differences were due to the change in batch or the preparation method but 
should be noted that there was a much closer relationship to the le and 10 data in 
the solvent mediated method than with its solid state counterpart. 
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It has already been established that the samples used in the different preparation 
methods contained different batches of Lus. This discontinuity meant that a direct 
comparison could not be made between the preparation methods, evaluating the 
RSD, however, made comparison between non-equivalent samples credible. The 
RSD for the data obtained using the solvent mediated preparation were calculated 
to be 13.08%,8.11%,9.71% and 18.12% for 20% Lus, 40% Lus, 60% Lus and 
80% Lus respectively. These results oppose the results of the samples prepared by 
solid state methods, where the samples with the highest RSD values were those of 
40% and 60% Lus. This anomaly within the data, therefore, appeared to be 
random and no further investigation was carried out. 
With respect to statistical significance, it was possible to compare the two 
methods, the solid state and solvent mediated preparation, by carrying out a paired 
t-test. A paired t-test allowed the differences in the samples to be assessed and 
therefore show any significance regardless of the difference in initial sample 
batches. The relationship for the paired t-test is outlined in Equation 6.13: 
Equation 6.13 
Where Xd represents the mean of the differences between the samples involved 
and Sd the respective standard deviation. The data for the paired t-test carried out 
are detailed in Table 6.9 outlining thexd and Sd values. 
The t value obtained was calculated to be 4.91. For (n-l) = 3, the critical t-value 
at a 95% confidence level (P=0.05) is 3.18. As the value of t is greater than the 
critical value, the two methods are shown to be significantly different. 
Table 6.9 Data for the Paired t-test between the long range analysis of the solid state 
preparation and the solvent mediated preparation ofLas:Lo.H,O mixed phase 
20% Las 
40% Las 
60% Las 
80%Las 
Solid State Prep. Solvent Prep. Difference 
(Rei. Int. (%ll (Rei. Int. (%) (%) 
1.89 2.06 -0.17 
4.75 7.48 -2.73 
\3.91 19.18 -5.28 
36.77 52.25 -15.48 
X d __ -..:;5"".9.=,:15:......_ 
s. 5.810 
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Although the paired I-test proved, statistically, that the data for the two 
preparation methods were different, it did not give any indication of which was 
more precise. Precision is observed in the values obtained in the F-test (section 
6.4.4.2). The one-tailed F-test values were calculated for each of the calibration 
points; 20% Las = 2.02; 40% Las = 2.10; 60% Las = 1.26; 80% Las = 6.96. 
According to statistical tables,l the critical Fvalue (P = 0.05) is 9.277 for (n-l) = 
3 and therefore, it was concluded that there was no significant difference between 
the two opposing preparation methods with respect to precision. 
In summary, with respect to statistical significance, there is little separating either 
of the preparation techniques. Comparison of the regression plots show that the 
calibration points obtained from the solvent mediated method are more linear than 
those of the solid state methods, exhibiting a uniform trend with respect to the 
mean. It is concluded that either of these preparation techniques could be used to 
quantitY mixed phase Las:La.H20 with respect to long range analysis, within the 
limitations of the method. With respect to the work carried out in this initial 
investigation, the n=4 calibrations oflong range data for Las:La.H20 mixed phase 
is known to be accurate between 5-65% and estimated to be accurate between at 
least 5-80%. 
6.5.2 Short Range Analysis 
6.5.2.1 le Data 
Figure 6.9 describes the diffraction patterns obtained from the short range analysis 
of the LUs:La.H20 mixed phase. The four calibration concentrations; 20%, 40%, 
60% and 80% are traced in red, blue, green and black respectively with the unique 
Lus reflection occurring at -9.0° 29 and the unique La.H20 at -16.3° 29. As in 
previous sections, PXD patterns for the le data were constructed by adding ratios 
of single phase materials together. 
Plots of the relative intensity versus theoretical Lus concentration, of which the 
data is outlined in Tables 6.1 0 and 6.11 for the solid state and solvent mediated 
preparation, showed the same exponential relationship as observed in the long 
range data. The log regression plots constructed from this data showed a 
222 
Chapter 6: Quantification of Mixed Phase Lactose J. H. Kirk 
reasonable linear relationship, R2=97.1 % and 95.8% for the solid state and solvent 
mediated preparation respectively with the sum of the y-residuals both being 
equal to 0.006, akin to the previous le data recovered over a long range for the 
same material. 
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Figure 6.9 PXD paUern of short range Las: La.H,O mixed phase 
Table 6.10 1< Relative intensity data for the short range, solid state preparation of mixed 
phase Las:La.H,O material 
ILusl (%) Las Renection 
o 
20 
40 
60 
80 
Angle (0 20) 
9.012 
9.006 
9.003 
9.002 
9.001 
Las 1nl. 
(Counts) 
107 
180 1 
3543 
5086 
6828 
La.H,O 1nl. 
(Counts) 
15898 
14678 
11336 
7794 
4521 
Relative 1nl. 
(%) 
0.67 
12.27 
31.25 
65.26 
151.03 
Table 6.11 Relative intensity data for the short range analysis, solvent mediated preparation 
of mixed phase Las: La.H,O 
I Lusl (%) Las Renection 
o 
20 
40 
60 
80 
Angle (0 20) 
9.012 
8.937 
8.943 
8.945 
8.946 
Las 1nl. 
(Counts) 
107 
1893 
3412 
4932 
6451 
La.H,O 1nl. 
(Counts) 
1172 
14588 
11042 
7496 
3950 
Relative Int. 
(%) 
0.67 
12.98 
30.90 
65.80 
163.32 
The errors associated with each of the regression plots were calculated to be 1.75 1 
± 0.915 and 2.852 ± 3.499 for the slope and intercept of the solid state le 
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regression and 1.757 ± 1.123 and 2.839 ± 4.295 for the slope and intercept for the 
solvent mediated preparation. The comparability of the two regression plots, in 
the values for both slope and intercept show that the batch variation is not 
apparent within the low 29 reflections, but that the variation in intercept indicates 
maccuracy. 
The comparability of the le data for both preparation methods allowed a 
comparison to be drawn between the data sets. 
6.5.2.2 10 Data 
Within the 10 data, there is a level of noise and variation in intensity in the non-
unique reflections that is worthy of mention when evaluating the data produced 
from short range analysis of LUs:Lu.H20 mixed phase material. This variation in 
intensity indicated that there maybe intensity attributed to the background 
composites. 
6.5.2.2a Solid State Preparation 
A comparison between the calculated and observed relative intensity data showed 
an unexpected trend within the experimental data; At 60% Lus concentration, the 
relative intensity fell below the level of the 40% Lus concentration data point. 
This implied a non homogenous mixture had been produced. 
It should be noted however, that the short range data outlined in the current 
section (Table 6. 12) was collated using the same samples as in previous analysis 
(section 6.5 .1.2) which showed homogeneity with respect to the reflection at 18.0° 
29. This therefore disputes the integrity of the use of the unique reflection at such 
a low 29 angle. With respect to the level of systematic error, the interval plot for 
the 10 data showed a relatively even variation between concentrations. It was 
hence, difficult to determine whether or not a weighted plot would be 
advantageous, or more accurate. 
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Table 6.12 Mean and standa rd deviation of J. ca libration data obtained for the short range 
ana lysis solid state preparation of Las:La.H,O mixed phase material 
ILasl (%, w/w) 
20.0 
40.0 
60.0 
SO.O 
x Relative 
Intensity (%) 
S.20 
20.00 
34.43 
63 .61 
s 
5.026 
3.519 
4.S42 
6.175 
% RSO(%) 
61.3 
17.6 
14.1 
9.7 
The resulting relative standard deviations were 61.3%, 17.6%, 14. 1 % and 9.7% 
for 20-80% Lus concentration respectively. This implied that the method is not 
satisfactory for use with low level Las phases using the chosen reflection, a factor 
which become important to industries such as the pharmaceutical industry where 
mixed phase usually occurs at levels between 0.5- 10%. 
Figure 6.10 compares the 10 data to that of the le. It highlights the spurious results 
from the analysis of the low intensity, low 28 reflection. 
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Figure 6.10 Comparison of I , and I. relative intensity data for the short range, solid state 
preparation of Las: La.H,O mixed phase material 
The plot of Lus concentration versus relative intensity, on initial inspection, 
showed that the data obtained for the 60 % Lus concentration did not concur with 
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the otherwise exponential data obtained. Comparison of this data with the 
equivalent long range data showed that the anomaly was reflection dependent as 
the same trend was not observed using the 18.0° 29 reflection. 
More thorough inspection of the data, using the regression plot, identified 
discrepancies in the 20 and 40% data. The data showed good linearity (R2 = 
98.9%) but high intervals pertaining to the individual concentrations hindered the 
accuracy. The anomalous relative intensity of one of the individual samples of the 
20% Las concentration gave a much higher x than expected. This altered the 
gradient of the regression line and its R2 value. 
In order to evaluate the validity of the high individual relative intensity, the long 
range data, pertaining to the same sample was referred to (section 6.5.1.2). The 
long range data show that the standard deviation for the unique reflection at 18.0° 
29 was not comparable to the spurious relative intensity outlined above (Table 
6.11). The anomaly was concluded to also be reflection dependent. 
The errors for the regression; 1.487 ± 2.70 I for the slope and 2.249 ± 10.334 for 
the intercept, were deemed too inaccurate to be acceptable. Coupled with the 
spurious data obtained for the lower concentrations, the short range solid state 
analysis was deemed unsuccessful. 
6.S.2.2b Solvent Mediated Preparation 
In order to account for the large error involved in the short range solid state 
preparation samples outlined in section 6.S.S.2a, the method of analysis was 
advanced to investigate the effects of analysing bulk samples. In this procedure, 
the entire prepared sample was analysed using a varying number of samples, 
dependent on Las concentration. 
Table 6.13 Mean and standard deviation of I . calibration data obtained for the short range 
analysis solvent mediated preparation of Los: Lo.H,O mixed phase material 
I LOsl (%, w/w) 
20.0 
40.0 
60.0 
80.0 
x Relative 
Intensity (%) 
2.59 
12.57 
19.35 
61.56 
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s 
0.45 
3.17 
5.88 
28.80 
% RSO(%) 
17.53 
25 .26 
30.39 
46.78 
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Due to the smaller particle size and drop in density, the sample size increased in 
proportion to the Las concentration. The PXD patterns were then added together, 
resulting in an overall relative intensity (Table 6.13). 
Due to the method of analysis, the mean and standard deviation were not 
representative of the true errors. However, the standard deviation did allow 
assessment of the level of homogeneity of the system. For a truly homogenous 
system, the standard deviations would be minimal. The values of s given in Table 
6.13, show a high level of error between each calibration point and therefore a 
high degree of di sorder with respect to mixing. 
The PXD data for the majority, indicated that the profile of the unique Las 
reflection remained constant, between samples and throughout the calibration. 
The steady rise in intensity, gave a clear indication of the rise in Las content. 
There was, however, a large amount of variation within the La. H20 reflection 
(- 16.3° 29). This accounted for discrepancy in relative intensities given in Table 
6.13 . 
A non-weighted regression was used for this method as the nature of the analysis 
considering the entire material as a bulk which was not necessarily homogenous. 
This meant that the interval plots were inconsequential to the overall quality of the 
data collection and therefore were not considered during the analysis. The 
regression curve showed a linearity with R2 = 95.3%. The errors calculated for the 
regression were calculated to be 1.905± J.643 for the slope and 4.431 ±6.287 for 
the intercept. 
6.5.2.3 Validity of Calibration 
6.5.2.3a Solid State Preparation 
The regression outlined in section 6.5.1.2a was used to evaluate the comparability 
to the short range solvent mediated data, for information only. Even though the 
data was proven to be inaccurate, the use of the same reflection in both data sets 
would still allow for the comparisons to be drawn. 
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Using non-weighted regression, the concentrations of the unknown samples were 
calculated. These are summarised in Table 6.14. 
Table 6.14 Results for the three samples of Las:La.H,O with unknown concentrations, using 
a non-weighted regression analysis of short range solid state preparation 
Lny. 
Unknown I 2.34660 
Unknown 2 5.05318 
Unknown 3 1.45717 
Lnx. 
3.09051 
4.91068 
2.49238 
0.942 
1.429 
1.191 
x, 
21.99 
135.73 
12.09 
2.564 
4.173 
3.29 
A comparison of the results obtained from the short range analysis to that of the 
long range analysis of the same samples showed that, as expected there was a 
relatively large discrepancy in the results. Unknown samples I and 2 were 
calculated to be lower than that obtained by the long range analysis (21.99% and 
135.73% for the short range data, versus 27.87% and 175.2% respectively, for the 
long range data). Unknown 3 was calculated to have a much higher concentration 
than previously attributed by the long range analysis. This was due to the 
anomalous result within the 20% Las concentration calibration point. 
6.S.2.3b Solvent Mediated Preparation 
Table 6.15 outlines the relative intensity data collected for the unknown samples 
used to test validity of the regression calibration outlined in section 6.5.4.1. The 
three concentrations of the samples were known to be 75%, 25% and 90% Las. 
These known concentrations were compared to the results obtained by the data 
analysis of the samples using solvent mediated preparation methods. Using the 
equations outlined in section 6.4.9, the concentrations and respective errors of the 
bulk samples were calculated and summarised in Table 6.15. 
Table 6.15 Results for the three samples of Las:La.H,O with unknown concentrations, using 
non weighted regression analysis of short range, solvent mediated preparation 
Unknown I 
Unknown 2 
Unknown 3 
Lnyo Lnxo Losxo Xo Sxo 
3.444 
1.56512 
5.490 
4.20923 
3.21363 
5.29369 
0.885 
1.360 
1.383 
67.30 
24.87 
199.08 
2.423 
3.896 
3.99 
6.S.2.4 Comparison between Short Range Lu,:Lu.H20 Mixed Phases 
A set of similar statistical tests as used in section 6.5.1.4 were applied to the short 
range data collected for the Lus:La.H20 mixed phase material. In order to 
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compare the data from the two preparation methods, a paired I-test was carried 
and is summarised in Table 6.16. 
From the data given in Table 6.16 the paired I-value was calculated to be 6.43. 
The critical I value for the associated number of degrees of freedom (n-I) = 3 is 
3.18. The value associated with the data for the short range analysis of 
Las:La.H20 mixed phase is above this critical level and therefore was deemed to 
show significant differences between the solid state and solvent mediated 
preparation methods 
Table 6.16 Data for the Paired I-test between the short range analysis of the solid state 
preparation and the solvent mediated preparation of Las:La.H,O mixed phase 
20% Las 
40% Las 
60% Las 
80% Las 
Solid State Prep. Solvent Prep. Difference 
(Rei. Int. (%)) (Rei. Int. (%) (%) 
8.20 2.59 5.61 
20.00 12.57 7.43 
34.43 19.35 15.08 
63 .61 61.56 2.05 
X d 7.543 
s, 5.499 
With respect to the validity of the calibrations, the calculated concentrations were 
closer and more accurate using the solvent mediated preparation, analysing the 
entire bulk sample to estimate the data points on the regression line but there was 
no significant difference between the two preparation or analysis methods. 
6.5.3 Summary of Las:La.H20 Mixed Phase Analysis 
The evolution of the investigation as it progressed has both advantages and 
disadvantages when it comes to comparing and summarising the compatibility of 
using PXD analysis to quantify mixed phase LUs:Lu.H20 materials. With respect 
to this evolution, the main sample set to differ from the original outline of the 
investigation was that of the short range solvent mediated preparation. Analysing 
the entire bulk sample meant that, in theory, the overall calibration data should 
have been the most accurate with respect to the sample preparation; a true 
representation of the homogeneity of the sample. The difference in analysis 
methods meant, however, that comparison between this and the long range could 
not be accurately compared. The comparison had to be drawn using the 
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determination of the unknown concentrations used in determining the validity of 
the calibration. 
In reference to the solid state prepared materials, straight comparisons may be 
drawn between tbe long and short range data as identical sample batches were 
used for these experiments, however, tbe use of a different batch of Las in the 
solvent mediated preparation meant that, again, no straight comparison could be 
drawn and the unknown sample had to be used to compare against tbe expected 
results. 
The most important aspect of tbe determination of which metbod was best suited 
for the quantification of mixed phase Las:La.H20 was the ability to match tbe 
expected results from tbe calculated data. This estimated the level of homogeneity 
and chemical interaction witbin a sample of mixed phase. Out of tbe four methods 
investigated, the long range solvent mediated metbod gave the most accurate 
results with respect to 10 versus le data. It was concluded that analysing the bulk 
sample gave a more representative calibration curve and therefore, tbis analysis 
method was carried over into tbe analysis of a mixed phase L~:La.H20 material. 
6.6 LB:La.H10 Mixed Phase Quantification 
The previous investigation formed tbe major part of tbe study. As a side 
invest igation, the solvent mediated preparation metbod was transferred to a 
L~:La.H20 mixed phase material. There were two reasons for the method 
transfer; The first would allow the determination of metbod transfer and whether 
it was possible to use the same theory with different lactose polymorphs; The 
second reason would allow the investigation of homogeneity. 
It has been assumed, on a number of occasions that La. H20 and L~ phases of 
lactose would form a more homogenous material from a physical mixing 
procedure than tbe Las counterpart due to tbe more similar particle size and 
morphology. PSD analysis shows that 50% of the L~ particles analysed had a 
particle size of less than 21 ~m. Therefore, in tbe second part of tbis investigation, 
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only the solvent mediated preparation was used for samples of mixed phase using 
the same batches of La. H20 and LP phases. 
6.6.1 Long Range Analysis 
6.6.1.1 le Data 
Figure 6.1 1 portrays the diffraction patterns of the mixed phases of LP and 
La. H20 lactose as a concentration of Lp. The red trace represents a theoretical 
20% concentration of LP and the black, 80% Lp. The highlighted section of the 
figure shows the exponential relationship between the LP reflection (ca. 10.40 28) 
and the major reflection of the material, observed previously for the Las:La.H20 
mixed phase material. The le data calculated in outlined in Table 6. 17. 
Table 6.17 Relative intensity data for the long range analysis of solid s tate preparation of 
mixed phase Lp:La.H,O 
I LPI (%) LP Reflection 
Angle (0 20) 
o 
20 
40 
60 
80 
10.472 
10.535 
10.552 
10.518 
10.526 
LP Int. 
(Counts) 
15 
1304 
2498 
3660 
4817 
La.H,OInt. 
(Counts) 
37794 
47543 
38067 
25113 
12726 
Relative Int. 
(%) 
0.04 
2.74 
6.56 
14.57 
37.85 
A plot of the data obtained for the theoretical relative intensity of the LP 
reflection, gave the same exponential relationship that was observed for the 
Las:La.H20 mixed phase material. 
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Figure 6.1 I Compa rison of I , patterns prod uced at 20 and 80% LP concentrations and 
unique LP reflection at 10.50 20. 
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The regression plotted for the theoretical l e data gave a linear plot with the sum of 
the y-residuals equalling -0.006. Individual y-residuals were relatively similar 
indicating that the R2 value of 95.3% represents a majority linear regression line. 
The errors associated with regression plot were 1.820 ± 1.222 and 4.596 ± 4.675 
for the slope and intercept respectively. 
6.6.1.210 Data 
Analysis of the bulk sample meant that the standard deviation was used as an 
indication of the homogeneity of the material throughout the sample. Table 6.18 
shows that the most homogenous sample was that of the 40% L~ concentration. 
Table 6.18 Mean and standard deviation of I . calibration data obtained for the long range 
analysis of Lp:La.H,O mixed phase material 
I Lap I (%, w/w) 
20.0 
40.0 
60.0 
80.0 
x Relative 
Intensity (%) 
4.42 
9.97 
27.75 
50.56 
s 
0.65 
0.10 
2.80 
4.85 
% RSD(%) 
14.7 1 
1.00 
10.09 
9.59 
The regression plot of the ID data gave an R2 value of 96.9%, indicating that the 
variation in standard deviation produces a marginally more linear regression plot 
that the theoretical data. A non weighted regression plot gave a slope and intercept 
of 1.770 ± 4.158 and 3.949 ± 15.907, respectively. Errors corresponding to both 
factors were large. The interval plot, with the exception of the 40% L~ 
concentration, showed that a weighted regression was appropriate. 
Weighting of the regression plot gave a slope and intercept of 2.088 ± 1.932 and 
5.398 ± 7.391, respectively. With respect to comparison to the le data, the non 
weighted regression of the observed data was more closely related to that of the 
calculated data but the errors associated with this data set were observed to be 
inaccurate and therefore the weighted regression was used to assess the accuracy 
of the quantification. 
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6.6.1.3 Validity of Calibration 
Unknown samples, corresponding to 25%, 65% and 95% L~, were used to assess 
the val idity of the weighted calibration. The results are outlined in Table 6. 19. 
Table 6.19 Resulls for the three sa mples of Lp:La.H20 with unknown concentrations, 
weighted regression analysis of long range data 
Lny. Lnx. Lnsx Q x. s •• 
Unknown I 3.418 4.222 0.124 68.182 1.132 
Unknown 2 1.106 3. 115 0.535 22.531 1.707 
Unknown 3 5.235 5.092 0.038 162.775 1.038 
The calculated errors show that the results are accurate with respect to systematic 
error. The concentrations calculated that the samples are approximate to those 
expected but only to within ± 3% with the exception of unknown sample 3 which 
exhibited the same extreme increase in L~ concentration than was observed in the 
Las mixed phases. 
6.6.2 Short Range Analysis 
6.6.2.1 le Data 
Figure 6.12 outlines the le pattern generated for the short range analysis of 
L~:La.H20 mixed phase material. 
' 0000 
'0000 
;.: ------- ------- -_ ...... : 
Unique LP 
Reflection 
10 : 11 
.......... -... -- --------
Unique La. H20 
Reflection 
l ~ ~ ...... _ .................. : 
Figure 6.12 I, generated for the short range analysis of LP: La. H20 mixed phase material 
The patterns were generated using the procedure outlined in section 6.4.3. 
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Table 6.20 Relative intensity data for the short range analysis of solid state preparation of 
mixed phase Lp:La.H,O 
ILPI (%) LP Reflection 
Angle CO 29) 
o 
20 
40 
60 
80 
10.465 
10.464 
10.457 
10.459 
10.461 
LP Int. 
(Counts) 
142 
9712 
19345 
28883 
38512 
La.H,Olnt. 
(Counts) 
14434 
25712 
18129 
13637 
6185 
Relative Int. 
(%) 
0.98 
37.77 
106.71 
211 .80 
622.67 
The le data confirmed an exponential relationship. The regression line plotted for 
the data resulted in y-residuals with a sum of 0.12. This totalled much higher than 
the previous data, therefore indicating a much higher curvature in the regression 
line. The R2 value of 95.9% suggested that the regression was accurate enough to 
use as an quantification tool for the L~:La.H20 mixed phase. 
The errors associated with the regression were calculated to be 1.866 ± 1.267 for 
the slope and 2.081 ± 4.874 for the intercept. The errors were relatively large with 
respect to the intercept due to the curvature of the data in relation to the linear 
plot. 
6.6.4.210 Data 
Using bulk samples, experimental data was collected and is outlined in Table 
6.12. The data collected was used to produce a calibration curve for the 
quantification of the short range quantification of the mixed phase material. 
Table 6.21 Mean and standard deviation of I . calibration data obtained for the short range 
analysis solvent mediated preparation ofL~:La.H,O mixed phase material 
I Lasl (%, w/w) 
20.0 
40.0 
60.0 
80.0 
x Relative 
Intensity (%) 
38.04 
104.36 
206.90 
576.48 
s 
1.75 
17.54 
23 .76 
218.55 
% RSO(%) 
4.60 
16.8 1 
11.48 
37.9 1 
The RSDs, associated with the individual data points relatively large, due to the 
non homogeneity of the sample on the preparation of either the sample bulk or the 
san1ple analysis. The sum of the y-residuals was equal to 0.203. This value is 
relatively similar to that obtained for the l e data for the same samples. 
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Figure 6.13 Comparison of I , and I , relative intensity data for the short range, solvent 
preparation of L~:La.H20 mixed phase material 
The coefficients of determinations were also comparable (96.5% versus 95.9%). 
This close association is exhibited in the comparative plot of the relative 
intensities of both le and 10 data for the short range analysis of the L~:La .H20 
mixed phase material (Figure 6.13). Figure 6.13 showed a disproportionate set of 
intervals and the weighting of regression would have led to an inaccurate 
distribution of errors, therefore a non-weighted regression was calculated with the 
errors equating to 1.831 ± 1.305 for the slope and 1.968 ± 4.994, which was 
comparable to the calculated data. The non-weighed regression was used to 
assess the validity of the quantification. 
6.6.2.3 Validity of Calibration 
The samples used to assess the accuracy of the calibration curve, were 
coincidental to those in the long range analysis, using the non-weighted regression 
curve outlined in section 6.6.2.2. 
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Table 6.22 Results for the three samples of LP:Lu.H,O with unknown concentrations, 
weighted regression analysis of short range data 
Lnyo Lnxo Lnsxo Xo -xo 
Unknown I 5.638 4.1 54 0.963 63 .67 2.620 
Unknown 2 3.310 2.883 1.391 17.86 4.018 
Unknown 3 7.070 4.936 1.596 139.23 4.933 
Table 6.22 gives the concentration of the unknown samples according to the 
cali bration 10 data. It was observed that the errors obtained for the short range data 
was broader than those in the long range data for the same samples, but did 
identify, within high li mitation of approximately ± 8 % of the expected values. 
6.6.3 Comparison of L~:L(l.H20 Mixed Phase Quantification 
Comparison between the long and short range analysis of the LP phases was 
simplified by the use of coincidental reflections and samples for both analyses. 
Long range analysis enabled the use of the major reflections of the patterns to be 
used and therefore the relative intensity of the overall collected pattern. With 
respect to the short range analysis, the LP reflection was taken in relation to a 
unique La. H20 reflection allowing any chemical influence of the LP, be it 
inhibitory or contributory, to affect the intensity of the La.H20 reflection. The 
short range of the data collection prevented the exhibition of any of these effects. 
In the assessment of the analysis techniques, running both long and short range 
analysis concurrently, on the same sample, allowed direct comparison into the 
accuracy of both data collections. As the short range data showed a much larger 
variation at higher concentrations it was concluded that the variations were due to 
the unique La. H20 reflections and not that of the LP which were consistent with 
respect to the major reflection of the PXD patterns. 
The concentrations determined from the unknown samples, agaIn using 
concurrent analyses of the same samples, showed the expected commonality; 
obtaining resu lts within ± 5% for the samples at 25% and 65% LP concentration. 
The third, higher concentration sample, which was thought to adopt a similar 
explanation as the high Las concentration appeared to be arbitrary with respect to 
both gross concentration and error due to the large variation in sample 
homogeneity with respect to data. The vast differences between the long and short 
range data were outlined by a paired I-test . 
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Table 6.23 Data for the Paired I-test between the long and short range analysis of the solvent 
mediated preparation of Lp:La.H,O mixed phase 
20% Los 
40% Las 
60% Las 
80% Los 
Long Range Short Range 
Analysis Analysis 
(ReI. Int. (%)) (ReI. Int. (%) 
4.42 38.04 
9.97 104.36 
27.75 206.90 
50.56 576.48 
Difference 
(%) 
-33 .62 
-94.39 
-179.15 
-525.92 
-
Xd -208.27 
Sd 220.02 
The I-value obtained was 28.02, a much greater value than that of 4.91 , the critical 
value to prove significance. As the samples were tested as a bulk material , the F-
test was concluded to be unnecessary but it was observed that although the data 
collected for the short range analysis gave the more expected results with respect 
to the le data, the long range data gave the lower errors. 
The issue of homogeneity was raised within the findings of this investigation. The 
two different data sets gave different indications of homogeneity for the same 
samples. It was thought that the use of the unique La.H20 reflection in the short 
range data gave a disproportionate response with respect the major reflection in 
the long range data and that this, caused a much greater effect with respect to 
sample variation. In conclusion, the standardisation of the effects of increasing 
concentration, observed with the long range data, was assumed to be the more 
accurate analysis technique. 
6.7 Comparison of Las:La.H10 and LB:La.H10 Mixed 
Phase Quantification 
The most striking comparison, or indeed contrast, between the Las and the L~ 
mixed phase analysis was that both the long range (over a range of 35° 29) and 
short range (over a range of - 2° 29) analyses used the same reflection for the L~ 
mixed phase. The use of different reflections for the long and short range 
Las:La.H20 material, although resulting in similar quantifications, gave room fo r 
ambiguity . The short range analysis of Las was thought to have used a reflection 
that was too low in intensity to be valid for the quantification; the choice of a 
different reflection, resulting in a theoretical increase in accuracy would have 
been more appropriate but the use of different samples for the long range analysis 
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inhibited tbe confirmation of this conclusion. The method used in the LP 
investigation was more appropriate for tbe type of investigation carried out. 
Comparison between the two mixed phases showed tbat the solvent preparation of 
both materials was appropriate to initialise a quantification method, with both 
phases producing similar results to those expected between 5-80% of the LaslLp 
phase. 
The errors pertaining to the long range data were more in-line with theoretical 
intervals in which weighted regression may be required, with botb Las and LP 
phases showing exponential increases in systematic errors, irrespective of 
sampling. With respect to sampling, tbe analysis of tbe bulk sample in entirety 
appeared to have little more accuracy than that of a representative sample, 
allowing for tbe opportunity in further quantification studies to use an allocated 
sample in the knowledge tbat this will be representative. 
6.8 Discussion and Conclusion 
The quantification techniques, comparing ratios of intensities of tbe two 
components, outlined in this section may be compared to the quantification of 
theophylline polymorphs carried out by Airaksinen et al. 2 in 2004. 
Airaksinen et al. produced stable monohydrate (named Form II by Phadnis and 
Suryanarayanan in 1997) and anhydrous theophylline (Form I) polymorphs tbat 
compared to previous deterrninations by Sun et al. 4 and Naqvi and 
Bhattacharyya,s respectively. A third metastable polymorph (Form ]*) also 
agreed with previous data3 
Quanfication of theophylline polymorphs was used to compare drying metbods. It 
was shown to have an accuracy of approximately 5%, similar to those observed in 
this body of work. 
Further examples of quantification metbods using PXD include that of calcium 
hydroxide in cement materials. 6 In this research, which also used the ratio of peak 
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intensity, it was concluded that the use of synchrotron X-ray diffraction data, as 
expected, gave a greater accuracy than that of normal laboratory X-ray diffraction. 
From a characterisation aspect, synchrotron X-ray diffraction is an extremely 
useful data collection technique but with respect to industrial applications and the 
related time constraints, it may be a case that accuracy has to be compromised to 
achieve results. 
From a pharmaceutical aspect, recent research by Tian et al. 7 studied the 
quantification of the API carbamazepine (CPZ) by PXD and Raman spectroscopy 
and the influence of particle size and particle morphology, akin to those observed 
in this body of work. 
The research found that although there was correlation between the two 
quantification techniques, Raman spectroscopy was thought to be more reliable 
due to the lack of influence of particle size and morphology on the technique. The 
influence of lactose size and morphology, previously discussed, would most 
certainly warrant a secondary quantification technique, such as Raman 
spectroscopy, to confirm the results obtained. This would be carried out as part of 
the validation process if quantification procedures outlined in this section were to 
be used for industrial applications. 
To conclude this body of work, both mixed phase lactose materials, exhibited 
confirmation of the initialised quantification method, with explainable anomalies 
at high concentrations. Both mixed phases exhibited exponential relationships 
with respect to relative intensity and were within a reasonable error. Analysis 
showed that all samples gave expected concentrations, accurate to within ± 8% of 
between 5% and 80% LaslL~ within the mixed phase material. 
The long range analysis of the solvent mediated samples was deemed the most 
accurate and reproducible method, with a shorter methodology being more 
realistic for industrial diagnostic work and quality control. 
Further work wou ld be required to enable a conCise and accurate validation 
method for the quantification of mixed phase lactose using PXD analysis with the 
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possible inclusion of a secondary method for confirmation purposes. Limitations 
of the method would have to be investigated more thoroughly but initial 
investigation has shown that quantification of the unique PXD reflections of a 
secondary phase of lactose material is a valid method of quantification. 
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7.1 Introduction 
Many sugars, other than lactose, are known to exist In hydrated forms. This 
section focuses on two of these hydrates, whjch also have applicability to the 
pharmaceutical industry: raffinose pentahydrate and trehalose dihydrate. 
7.1.1 Raffinose Pentahydrate 
Raffinose pentahydrate, C,sHJ20 '6.5H20, MW = 594.52, is the most common 
form of this trisaccharide. The disaccharide comprises one moiety of a-galactose 
linked to a moiety of a-glucose through a 1,6 glycosidic bond which, in turn, is 
linked to a moiety of P-fructose in the furanose form through a 1,2 glycosjdic 
bond. 
OH 
OH 
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' . 
HO , 0 
" 
" , 
o 0 
HO "QOH . 0 
"" ...... OH HO './ 
o 
HO 
OH 
Figure 7.1 Schematic of Raffinose 
The first structural refinement of raffinose pentahydrate was carried out by 
Berman in 1970. ' This room temperature determmation was superseded by 
Jeffrey and Huang2 in 1990 who redetermined the structure at low temperature 
(119K). These two similar determinations showed that raffinose pentahydrate 
crystallised in the orthorhombic space group P2,2,2,. The second determjnation 
specifically studied the hydrogen bonding patterns of the pentahydrate with the 
aim of comparing them to lower hydrates (mono- and dihydrates). Raffinose 
pentahydrate was shown to have a complex, ordered network of hydrogen 
bonding, expected from such as complex trisaccharide structure of which is 
discussed in more detail in section 7.4.7. 
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One of the major theoretical functions of raffinose in recent years is the potential 
use for the stabilisation of proteins. David and Sun) investigated raffinose as a 
function of protein stabilization during lyophilisation or ' freeze-drying ' and 
storage processes. It was an extension of work carried out by numerous other 
research groups including Carpenter and Crowe who initially studied the effects 
of protein stabilisation by disaccharides such as lactose by FT-IR in 1989.4 
Raffinose pentahydrate has several properties that are interesting to the world of 
biotechnology. Structurally, it appears to be more effective in hydrogen bonding 
with biomolecules than other sugars, for example trehalose or sucrose, as 
identified by Gaffney et al. in 1988. 5 From a physical stand point, properties such 
as the collapse temperature (Te) of raffinose during the lyophilisation process were 
thought to have been higher than disaccharides. Bellows and King 6 were thought 
to have shown evidence for raffinose having a higher Te than lactose or sucrose, 
presumably due to the rigidity of hydrogen bonding in the more complex nature of 
the hydrogen bonding networks. 
Amorphous raffinose has a high ability to sequester water. When amorphous 
raffinose crystallises, it has the potential to take on up to 18% of its anhydrous 
mass in water, effectively becoming a chemical sponge. This property makes it an 
invaluable material for long term storage of biomolecules, hence, why some 
researchers saw raffinose as the carbohydrate of choice with respect to 
biomolecular stabilisation.7 Davidson and Sun, however, observed a decrease in 
protein stabi li ty ] 
Although the pentahydrate form of raffinose is the most thermodynamically stable 
form and therefore the most common, the occurrence of lower hydrates of 
raffinose have been reported by Kajiwara et al. 8 and Saleki-Gerhardt et al. 9 
The effects of freeze-drying were also the subject of research carried out by 
Chatterjee et al. 10 The aim of Chatterjee et al. was to study the phase transitions in 
aqueous raffinose systems in frozen solutions and during freeze drying to study 
the impact of raffinose crystallisation on the recovery of activity of a model 
protein. X-ray diffraction was used to study these phase transitions but it was 
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concluded that it may lead to erroneous conclusions if used as the sole 
characterisation method. 
It was the above interest in biomolecular stabilisation that prompted further 
investigation by Hogan and Buckton 11 into the crystallisation of amorphous 
raffinose. The aim of this research was to test the limitations of techniques such as 
near infra-red spectroscopy (NIR) and gravimetric sorption whilst observing 
transitions of complex molecules. After much investigation it was concluded that 
the complex nature of the amorphous raffinose structure, whilst exhibiting some 
unexpected characteristics, such as an observed change in morphology over time, 
developed no level of long range order and, therefore, no crystallinity. 
More recent research into the pentahydrate form of raffinose was carried out by 
Cheng and Lin. 12 Thermal methods such as TGA, DSC and FT-lR were used to 
study the dehydration and rehydration of the trisaccharide. DSC showed three 
endothermic reactions, corresponding to loss of water at 56°C, 73°C and 85°C. 
From the results of their TGA, Cheng and Lin concluded that the dehydration of 
raffinose pentahydrate followed a definitive scheme of losing one water of 
hydration when heated to 62°C, two more after heating to 81°C and the remaining 
two after heating to 125°C to form the anhydrate. It was observed that although 
the dehydration process trended towards a stepwise mechanism, the rehydration 
was largely dependent on the preheating rate prior to this dehydration and that the 
extent of the dehydration may influence the rehydration process. 
There are a number of complexities associated with raffinose pentahydrate, such 
as the extended trisaccharide structure compared to that of the disaccharide of 
lactose and the higher level of hydration compared to the monohydrate which 
suggests that transferral of dehydration methods from lactose monohydrate to 
raffinose pentahydrate may not be achievable. In order to draw conclusions in the 
transferral of methods, a similar material to lactose, trehalose dihydrate was 
investigated. 
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7.1.2 Trehalose Dihydrate 
Trehalose, C12H22011, MW = 342.30, is naturally occurring and commercially 
available in both the anhydrous and dihydrate forms. It is a non-browning, non-
reducing sugar comprising two moieties of glucose joined by a I, I glycosidic 
bond. Structures have been determined of a-a-trehalose 13 and ~-~-trehalose 14 as 
well as a mixed a-~-trehalose. 15 With regards to waters of hydration, structural 
refinements have been carried out on anhydrous, 16 mono_,15 di_ 13 and 
tetrahydrates l4 but investigation has shown that only anhydrous and dihydrate are 
commercially available. 
OH 
o 
HO 
HO " 
OH 
'-....OH 
Figure 7.2 Scbematic of (l-(l-Trehalose 
Trehalose has been found to be the most effective disaccharide at preventing 
degradation due to dehydration during industrial processes such as lyophilisation 
(freeze drying) 17 exhibiting similar functions as raffmose pentahydrate. The 
mechanism in which this occurs, however, are due to the flexibility of the sugar l8 
and not its ability to sequester water. 
The crystal structures of dihydrate and anhydrate trehalose materials were first 
proposed in the early 1970s.16,19 When the dihydrate was dehydrated thermally, 
there were concluded to be two possible routes: The anhydrate could either be 
formed directly or via an amorphous intermediate. 2o It was concluded that this 
process was dependent on particle size,21 an aspect that was investigated using 
FT-Raman spectroscopy in 1998. 
Taylor, Williams and Yor~1 used FT-Raman spectroscopy to characterise these 
effects of particle size using both dihydrate and anhydrate polymorphs along with 
an amorphous form and that of an aqueous solution. It was found that when 
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comparing two different particle fraction sizes of the crystalline dihydrate 
polymorph, no visible differences were present in the Raman spectrum. This 
indicated that particle size did not affect the hydrated polymorph. There were, 
however, slight differences when compared to that of the spectra obtained from 
the anhydrous sample. This was due to the expected change in unit cell on 
dehydration and hence alteration in factors such as hydrogen bonding patterns and 
molecular orientation. 
The recent studies into the dehydration of both raffinose pentahydrate and 
trehalose dihydrate focussed on mechanisms unique to those materials. The aim of 
the investigation carried out in this chapter was to transfer the previously 
discussed dehydration processes applied to lactose,22 to study the effects of 
hydration levels. The effects of both solvent and thermal dehydration were 
investigated using PXD, FT-IR spectroscopy and elemental analysis. Investigation 
of dehydration characteristics of each sugar were investigated using TRXD. 
7.2 Sample Preparation 
7.2.1 Soft Dehydration 
Both raffinose pentahydrate and trehalose dihydrate were subjected to solvent 
dehydration by stirring a I : I 0 sugar:ethanol solution, initially, at room 
temperature for periods of I, 2 and 6 h. This method deviated from that of the 
reflux method used for lactose in previous sections, when applied to raffinose 
pentahydrate due to the low melting point of the sugar (ethanol refluxes at CG. 
78°e and raffinose has a melting point of 78-8 1 0c). The resulting powders were 
filtered and air dried before analysis. 
7.2.2 Hard Dehydration 
Samples of raffinose pentahydrate and trehalose dihydrate (1 g) were heated at 
600 e and 80oe, respectively for a period of 16 h in an open atmosphere, 
analogous to that of the thermally treated lactose. 
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7.2.3 Recrystallisation 
Procedures, outlined by Smith et al.,2 used previously in the single crystal X-ray 
diffraction redetermination of La.H20 were applied to samples of raffi nose 
pentahydrate and trehalose dihydrate. The respective saccharides were dissolved 
in distilled water at 50°C to fo rm a 10% aqueous solution. This solution was then 
diluted with 96% acetone to produce a 35:65 ratio, sugar:acetone solution. The 
resulting solutions were then covered and stored, without agitation for the 
duration of the recrystallisation process. 
7.3 Sample Analysis 
7.3.1 Powder X-ray Diffraction 
Samples were mounted on a fl at plate sample holder after grinding to a fi ne 
powder to encourage homogeneity . Data were collected on a Bruker 0 8 Advance 
di ffractometer using monochromated CuKal radiation at A.=5 .5406 over a 29 range 
of 5-50° using a 0.0147° step size resulting in a data collection time of20 min. 
7.3.2 Temperature Resolved X-ray Diffraction 
TRXO was carried out using a Bruker 08 Advance di ffractometer using 
monochromated CuKa l radiation (A. 1.5406 A), fi tted with a HTK 1200 sample 
stage. Samples were heated at a rate of 0.05°C per second to varying temperatures 
(see re levant sections) and samples scanned between 5-50° 29 using a 0.0072° 
step size resulting in a data collection time of2 h. 
7.3.3 FT-Infrared Spectroscopy 
Samples (10 mg) were ground with dry Csl (50 mg) and pressed into discs using 
an 8 tonne die. Samples were recorded in percentage transmission mode using a 
Perkin Elmer FT-IR Paragon 100 PC instrument in conjunction with Spectrum 
Graph Server software, version 1.60, across the wide spectrum (4000 - 400 cm .1). 
7.3.4 Optical-Raman Spectroscopy 
Samples were analysed using a Horiba l obin Yvon Lab RAM OIOHR instrument 
and a 633 nm laser, at high resolution (1800 grating). Data were obtained with a 
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laser intensity of 100% intensity using a SOx objective and spectra obtained using 
LabSpec 4.14 software. Each sample spectrum was collected in a multi-scan 
series within a range ca. 200 cm-I and each data set collected twice over a period 
of 10 s. 
7.3.5 Thermogravimetric Analysis 
Samples (- 20 mg) were analysed using a TA Instruments analyser and 2960 SOT 
v3.0F software, with a temperature program if 10°C to 300°C at 10°C min- I. 
7.3.6 Elemental analysis 
Each sample (ca. 1-2 mg) was analysed for %C and %H content (e.s.d. 0.3%). 
This was carried out on a Perkin Elrner 2400 CHN Elemental Analyser in 
conjunction with a Perkin Elmer AD-4 Autobalance. 
7.3.7 Structural Refinement 
Data for structural refinement were collected using a Bruker SMART 1000 CCD 
diffractometer ro rotation with narrow frames and MoKa radiation (A.=0.71 073 A). 
SAINT23 software was used to reduce and solve initial data and SHELXTL 
software24 was used to refine the structure. Data were collected between 2.02-
40.92°. 
7.4 Raffinose Pentahydrate 
7.4.1 Powder X-ray Diffraction Analysis 
Analysis of the PXD patterns of the parent raffinose pentahydrate sample showed 
the influence of crystal morphology on the pattern produced. 
Figure 7.3 outlines five separate analyses of commercially obtained raffinose that 
had not previously undergone any form of purification or preparation. The 
patterns in Figure 7.3 outline the effects of crystal morphology on the results of 
X-ray diffract ion on a polycrystalline sample. Raffinose crystallises with needle 
shaped morphology as observed by SEM analysis (Figure 7.4). The needle shape 
of the crystals, a result of inhibition of growth along one axis, leads to preferred 
orientation when compressed into a powder. 
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Accounting for the preferred orientation, the major reflections of raffinose 
pentahydrate are observed to be ca. 13 .3° 29 (d= - 6.7 A), 20.8° 29 (d= -4.3A), 
30.0° 29 (d= -3.0 A), 10.3° 29 (d= - 8.5 A) and 23 .5° 29 (d= - 3.8 A) with varying 
relative intensities. The material was predominantly crystalline with a low angle 
reflection (10.3 ° 29) averaging a FWHM of - 0. I 56° . 
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Figure 7.3 PXD patterns of raffinose pentahydrate 
Multiple analyses of commercial raffi nose pentahydrate with a data 
collection range of 5·40° 20 and a collection time of 20 min. 
Figure 7.4 SEM of raffinose pentahydrate 
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7.4.1.1 Temperature Resolved X-ray Diffraction 
The most notable observations obtained from the TXRD analysis are the shifts in 
reflections ca. 29.9 and 4S.6° 29 at room temperature. Figure 7.S demonstrates 
that as the sample is heated, the reflection at 29.9° 29 decreases and is dominated 
by the introduction of a more prominent reflection ca. 30.36° 29 at 40-S0°C, 
indicating a possible phase change. At increased temperatures, the reflection at the 
higher Bragg angle is observed until the sample becomes amorphous at ca. 70-
80°C. The latter reflection makes a gradual shift as the sample is heated. At SO°C, 
the Bragg reflection has shifted from 4S.6° 29, at room temperature, to 46.2° 29, a 
difference of 0.6° 29. Other notable observations include the presence of a 
reflection ca. 12.1 ° 29, present as a hump at 40°C and as an actual reflection at 
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Figure 7.5 TXRD of raffinose pentahydrate. 
The highlighted section shows a shift in the reflection at 30° 26 
As TXRD analysis showed that a change occurred at SO°C, further investigation 
was carried out at this temperature to determine whether the cause of the 
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reflection shift was due to thermal expansion or, in deed, was a change in phase. If 
due to phase change, this confirms the previous DSC findings of Cheng and Lin 12 
who concluded that the first hydrate molecule was removed from the crystal 
lattice at - 55°C. 
7.4.1.2 Soft Dehydration 
Figure 7.6 shows the diffraction pattern obtained for the analysis of the solvent 
dehydrated sample. Inspection of the PXD pattern showed a 10 fold drop in 
intensity and the increased background noise suggested the presence of a higher 
level of amorphous type material. The FWHM of the reflection at 10.3° 29 was 
found to be comparable to that of the original material , indicating that the material 
present was no less crystalline, but that the level of crystalline material in the 
sample had dropped. The comparable reflections indicate that no molecular 
rearrangement and hence no phase change had occurred. 
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Figure 7.6 PXD pattern of ethanol treated raffinose (RT 6h) 
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Dehydration was deemed unsuccessful at room temperature. As previous TXRD 
analysis had indicated, a change in the state of the raffinose pentahydrate at 
elevated temperatures, samples were re-prepared by stirring raffinose 
pentahydrate in ethanol for 2 h at 50°C. 
Figure 7.7 shows the effects of solvent dehydration at 50°C. The most ev ident 
features in the thermally treated sample compared to that of the parent material, is 
the Bragg reflection ca. 29.5° 29. In the solvent treated sample, the previously 
di scussed introduction of a reflection ca. 29.8° 29 is observed. The di fference in 
the Bragg angles (0.3° 29) shows a large enough variation to indicate a change in 
phase, rather than the PXD patterns exhibi ting effects of thermal expansion. 
However, the overall relative intensity may still be influenced by the morphology 
of the crystallites and hence, preferred orientation. 
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Figure 7.7 PXD pattern of ethanol mediated dehydration at 50°C 
Apart from the fea tures discussed previously, there appears to be few observations 
that cannot be explained by preferred orientation or instrumental factors. The 
comparative di ffraction patterns show a number of features. Firstly, the prev iously 
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discussed reflection at ca. 29° 28 has again shown to be dominated by an adjacent 
reflection, confirming one effect of the dehydration process on the PXD. Several 
other reflections are shifted compared to that of the parent material , the reflection 
at 45.1 ° 28 in the parent material, for example, appears to have shifted to 45.6° 28. 
To demonstrate that this is not a simple case of zero point error there are a number 
of reflections that are present in both patterns with similar va lues; the reflections 
at 13.8° 28 and 25.9° 28. 
7.4.1.3 Hard Dehydration 
Figure 7.8 shows the PXD pattern obtained from a raffinose pentahydrate sample 
dehydrated using thermal methods. This figure shows Bragg reflections that are 
much better resolved. Visual inspection suggests that there are differences 
between this pattern and that of the parent material , determining that a change in 
phase has occurred. It should be noted, however, that the differences in PXD 
pattern are very slight and further analysis by different techniques is required to 
confirm dehydration. 
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Figure 7.8 PXD Raffinose - Thermal dehydration at 60°C with PXD data collected 
at room temperature. 
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7.4.1.4 Comparison of Solvent and Thermally Mediated Phase Changes 
As the identification of changes in phase in higher hydrates are consistently 
difficult compared to that of the lower hydrates, a comparison was carried out of 
the PXD data of the two methods outlined above. 
Unlike that of lactose, the results of PXD analysis of raffinose pentahydrate show 
that solvent treatment results in a much less crystalline material than that 
produced from harsher thermal methods of dehydration. The intensities of the 
above diffraction patterns have been normalized for comparative purposes, 
resulting in the high level of background noise on the solvent mediated PXD. 
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Figure 7.9 PXD pattern comparison of solvent and thermal dehydration methods for 
raffinose pentahydrate 
The comparison in Figure 7.9 shows that the two methods do appear to result in 
different phases. The exact nature of these phases is uncertain due to the low 
intensity and low signal:noise of the solvent mediated material. An extension into 
the investigation of solvent mediated dehydration of raffinose into alternative 
solvents and methods would resolve these uncertainties but for the purpose of this 
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investigation, the transferal of methods from sugar to sugar, it would beyond the 
scope of investigation. 
7.4.2 FT -Infrared Spectroscopy 
Figure 7.10 shows the IR spectrum of the parent raffinose pentahydrate. A broad 
band can be seen at 3300-3000 cm-I corresponding to that of O-H vibration 
common to all sugars. The presence of water in the sample is confirmed by water 
O-H band ca. 1650 cm-I. The most diagnostic region of the spectrum can be found 
between in the range 970-800 cm-I, similar to that found in lactose (section 3_6) 
In this diagnostic region absorption bands at 965, 937,874, 861 and 835 cm-I can 
be observed corresponding to a complicated mixture of stretching and bending 
vibration modes which are usually individual to each structure 
7.4.2.1 Soft Dehydration 
The spectrum obtained for the solvent dehydrated raffinose showed a similar set 
of absorption bands to that of the original, showing both the O-H broad band at 
3300 cm-I and at 1650 cm-I . Analysis of the proposed diagnostic region shows 
bands present at 965, 936, 874, 861 and 835 cm-I, the same bands as in the parent 
material. This agrees with the PXD analysis, dehydration has not occurred in this 
sample. 
The FT-IR of the solvent treated sample prepared at 50°C gave the above FT-IR 
spectrum. Like previous spectra, the O-H band ca. 3300 cm-I is present, as are 
bands at 2937 and 2361 cm-I attributed to slight moisture in the Cs!. The presence 
of a band at 1653 cm-I shows the presence of water in the sample, suggesting that 
if dehydration has occurred in this sample, that it is only partial. The diagnostic 
region shows poorly resolved bands at 964, 930, 875, 860 and 831 cm-I. These 
results concur with those obtained for the parent material. The strong CoO band at 
2360 cm-I was due to C02 in the background, even after a background subtraction 
was performed. This is likely due to instrumental or operator error. 
256 
() 
::r 
59.5 ., 
'0 
" 
~ 
55 -> 
() 
::r 
"l 50 211 1.71 
~ 
., 
".. 
" 
-C " ., ::l . 
'" '" :-' 45 
., 
-
.... 
O· 
C> :> 
:l 0 40 ...., , 0 
.... \ 5' ::0 
" VJ 1I~ ~ "0 35 :z: '" '< " - Q, ., ~ C ., IV El 'loT 30 \ " vo Q. ..., 0 I, "-4. VJ .., ; i , I c ::0 OQ .. 25 Il , "I.~ 4412.72 ., ~ :3 I ~."3 : I3S.00 92.9S '" :> 
0 1653.97 1265.00 
.. 20 
'" 
-= 
162.n 7.m 
'" s S.9of :> 2931.11 1031 
-
15 , 539.)8 .. 
::r 
'< 143 5.01 i Q. 
., I 
.. 10 III 0 . I 
-
Il. s.n 21.80 
'" ; I 
• 670.n 5 
!-
2.3 :z: 
4000.0 3000 2000 1500 1000 500 400.0 ;0:: 
an-I ~ 
"'" 
Chapter 7: Characterisation of Other Hydrated Sugars J. H. Kirk 
7.4.2.2 Hard Dehydration 
The diagnostic region of this spectrum showed absorption bands at 873, 833 and 
798 cm-I. These differ from those in previous samples, suggesting that a phase 
change has occurred during the dehydration process. This confirms the results of 
the PXD analysis. The spectrum showed similar results to that of spectra of both 
the parent material and the solvent mediated material. The minimal difference in 
spectra showed that, in the case of raffinose, partial dehydration is hard to detect 
using FT-IR. 
7.4.3 Optical Raman Spectroscopy 
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Figure 7.11 Raman spectra obtained from: parent ; solvent treated and thermally 
treated raffinose pentahydrate 
Comparing the Raman spectra obtained, negating band intensity which may have 
been due to a number of factors, including instrumentation, all three spectra 
exhibit the same Raman bands. These bands include bands at 419, 505, 83 1, 1269 
and 1466 cm-I . 
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With regards to phase change, Raman spectroscopy shows that no phase change 
occurs, to such as great extent as to alter the visual vibrational spectroscopy of the 
functional groups and bonds within the structure. 
7.4.4 Thermogravimetric Ana lysis 
The TGA analysis (green line) shows no specific temperature at which 
dehydration occurs in raffinose pentahydrate, other than at 80°C, the recorded 
melting point of raffinose. There are, however, three distinct gradients to the 
curve, above thjs temperature, that show all dehydration occurs after the sample 
has begun to melt. It is assumed, therefore, that the individual hydrates of 
raffinose would be hard to isolate using thermal techniques. The fact that the TGA 
shows no dehydration occurs before melting also suggests that it is possible that 
the five waters of hydration within the crystal lattice, vacate witrun relatively 
narrow temperature range. This is shown by the three different gradients noted 
between 80°C and 120°C, at which point, the crystal completely co llapses and the 
sample decomposes. 
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Figure 7.12 TGA-DTA Raffinose Pentahydrate between 20-1400C at a heating rate 
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Green trace - TGA trace; Red trace - DT A trace; Blue trace - derivative trace 
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The DTA results (red line) show the expected endothermic reaction as energy is 
utilised to break hydrogen bonding between water and sugar molecules. The 
actual peak is skew, favouring the initial utilisation of energy. The rate of the 
reaction slows as the temperature increases towards structural collapse and shows 
that it requires an input of energy. 
The results for the derivative weight (blue line) concur with the DTA results. All 
dehydration, at the given temperature rate, occurs too quickly, with respect to the 
individual water molecules, to be able to separate their temperature of departure 
using thermal analysis methods. 
7.4.5 Elemental Analysis 
Elemental analysis, a quantitative analysis technique, was carried out on the 
prepared samples. Table 7.1 outlines the expected %C and %H for each of the 
possible hydrates (e.s.d 0.3%). 
Table 7.1 Expected % C and % H in raffinose for each possible hydrate 
No. waters of hydration Expected % C /% Expected % H /% 
5 36.36 7.07 
4 37.50 6.94 
3 38.71 6.81 
2 40.00 6.67 
I 41.38 6.51 
o 42.86 6.35 
Elemental analysis results showed that the parent material contained 36.39% C 
and 7.21 % H, confirming that this was indeed the pentahydrate. 
7.4.5.1 Soft Dehydration 
Analysis of the sample that had undergone treatment with ethanol at room 
temperature (6 h) showed a % C of 36.24% and % H of7.12%, again, confirming 
that the material was the pentahydrate. 
Elemental analysis of the solvent treated sample produced by preparation at 50°C 
gave % C = 39.66% and % H = 6.82%. According to Table 7.1 , these values 
suggest that the dihydrate has been formed by solvent treatment of raffinose. 
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Comparison of the results of samples prepared at room temperature and again at 
50°C shows that by increasing temperature, the removal of water is achieved. 
7.4.5.2 Hard Dehydration 
Elemental analysis of the thermally treated sample showed a % C of 39.81 % and 
% H of 6.72%. This result suggests that the dihydrate had been obtained from the 
thermal dehydration at 60°C. 
Elemental analysis of the thermally treated sample at 50°C showed that % C = 
37.39% and % H = 7.02%. According to Table 7.1, this shows that the sample had 
4 waters of hydration, it was tetrahydrate. The extent to which this is achieved and 
hence the level of dehydration does not agree with the results obtained by Cheng 
and Lin l 2 using thermal techniques. This could be due to non-homogeneity of the 
samples and small sample size analysed in either set of data, resulting from a non 
complete reaction. 
7.4.6 SEM Analysis 
The crystal morphology of each sample was evaluated using SEM. Figures 4.13-
4.14. 
Figure 7. \3 SEM Solvent mediated raffinose pentahydrate 
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Figure 7.14 SEM Thermally mediated raffinose pentahydrate 
The SEM analysis showed that the major effect of the dehydration was to 
fracturing of particles. The resulting particles had no uni form morphology or size. 
7.4.7 Recrystallisation 
Recrystallisation methods transferred from lactose recrystallisation (section 4.2) 
allowed the recrystallisation of raffinose to occur. A single crystal cell check 
confi rmed the pentahydrate form, previously refined by Jeffrey and Huang in 
1990.2 Due to the quality of existing data, no further refinement was deemed 
necessary. The SEM (Figure 7.I S) shows the quality of the crystals produced from 
recrystall isation. 
Figure 7.1S SEM Thermally mediated raffinose pentahydrate 
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Initial crystallisation appeared to be from one seed. Long fine needle shaped 
crystals were produced from one point of origin forming a spherical structure of 
fragile crystals. 
7.4.8 Raffinose - Conclusion 
The dehydration processes appl ied to raffinose from those developed for lactose, 
had mixed results. The PXD patterns were complicated by the crystal morphology 
of the sugar and the small variation in the pattern which could be attributed to a 
number of both sample and instrumental factors. Without further investigation, it 
may not be possible to draw firm conclusions from this investigation, not least due 
to the relatively large number of waters of hydration. Other analysis such as 
thermal techniques would better explain the mechanistic pathways of dehydration 
b d · · h 12 o serve In prevIous researc . 
The most convincing results were that of the elemental analysis, which confirmed 
that dehydration was occurring during certain processes, although the exact nature 
of the this observation would require further research to confirm. It appeared to 
confirm theories drawn from the PXD and TXRD and gave some level of 
quantification albeit unsubstantiated. 
7.5 Trehalose Dihydrate 
7.5.1 Powder X-ray Diffraction 
The PXD pattern of the parent dihydrate (Figure 7.16) has relatively good 
resolution for an organic crystal. In this investigation, unlike that of raffinose, 
preferred orientation was not a complication as morphology of trehalose crystals 
is a three dimensional block. This morphology is highlighted in the SEM image 
outlined in Figure 7. I 7. 
The major reflections of trehalose dihydrate occur at 16.5, 23.8, 13 .7, 22.3 and 
24.6° 29. 
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Figure 7.16 PXD pattern of trehalose dihydrate 
Data collection range of 5-40° 20 with a collection time of 20 min. 
Figure 7.17 SEM of trehalose dihydrate 
7.5.1.1 Temperature Resolved X-ray Diffraction 
The results of the TXRD analysis can be seen in Figure 7.18. These results clearly 
show that temperature does have an effect on the phases of trehalose. At room 
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temperature, the material is crystalline and clearly defined . As heat is introduced, 
these reflections decrease in intensity as this phase starts to melt. After heating to 
70°C for 2 h, the phase effectively becomes amorphous and no reflections are 
distinguishable from the noise with the exception of one ca. 9.0° 28. 
Further heating to 80°C, introduces a new nunor intermediate phase which 
appears to have a group of intensities between 16.0 and 20.0° 28. There are also a 
couple of reflections occurring between 38.0 and 42.0° 28. Further investigation is 
required to determine whether intensit ies at the higher 28 are actual reflections or 
fluctuations in the noise. 
When the sample is held at 80°C for 2 h, a third phase appears with a broad 
reflection ca. 17.9° 2 8. This reflection can be observed in the pattern recorded 
when the sample was initially heated to 70°C. It appears as a hump on the major 
reflection. This new phase also shows a minor reflection occurring ca. 17.0° 28 
but the remaining pattern cannot be distinguished from the noise. 
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Figure 7.18 TXRD of trehalose dihydrate, room temperature to 80°C, with a 
temperature increment of lOoC between samples. Data collection range: 5-50°20 
with a collection time of 1 h for each analysis temperature. 
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7.5.1.2 Soft Dehydration 
Figure 7.19 shows a comparison of the PXD patterns of the solvent treated and 
parent materials of trehalose. There are a number of features that differ from the 
parent material in the solvent treated PXD pattern. The most predominant 
observation is that the reflections are broader indicating a less crystalline material. 
In fact, many of the highly crystalline reflections noted in the parent material 
pattern are lost in the pattern of the solvent treated sample, such as the reflections 
at 14.5 and 23.8° 29. 
The major reflection of the solvent treated sample is not seen in the parent 
material. There is a similar reflection but d-spacing suggests that these are not the 
same. In fact , as the solvent treated sample has a less resolved pattern, it is likely 
that the reflection noted in the parent sample is present in this pattern but is 
masked by the dominant major reflection of the solvent treated sample. Zero point 
error can be ruled out as an explanation for this difference in 29 value due to the 
presence of a reflection at 16.8° 29 which is present in both samples. Other peaks 
that are not observed in the parent pattern that are present in the so lvent treated 
sample occur at 22.8 and 27.3° 29. 
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Figure 7.19 PXD Comparison between the trehalose dihydrate starting material 
and solvent treated sample 
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7.5.1.3 Hard Dehydration 
Figure 7.20 shows the PXD pattern obtained for the thermally treated (80°C) 
sample. 
The diffraction pattern of the thermally treated sample is, again, not as crystalline 
as the parent material. There are certain features that suggest that this sample has 
not undergone as much dehydration as the solvent treated sample. Evidence of 
this can be noted with the presence of a small intensity ca. 8.9° 29. This is 
observed in the parent material. The reflection at ca. 7.0° 29, however, can be 
noted in the solvent treated sample. It is an intermediate between the two samples. 
Comparing both of the dehydrated samples, certain observations can be made. 
Figure 7.21 shows this comparison. 
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Figurc 7.20 PXD Comparison ofthcrmally trcated trehalose and thc dihydrate 
trchalose starting material 
7.5.1.4 PXD Comparison of Solvent and Thermally Mediated Phases 
, 
The two diffraction patterns outlined in Figure 7.2 1 are very similar; the majority 
of reflections are present in both patterns. However there are a number of 
contrasting features . The first is the presence of the reflection in the thermally 
treated sample ca. 8.9° 29. The second is the presence of a reflection ca. 24.0° 29. 
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This reflection is present in neither the parent nor the solvent treated sample. The 
fina l contrasting feature is the presence of a reflection ca. 18.0 29 observed in the 
thermally treated sample. This reflection is, again, not evident in either diffraction 
patterns from the parent or solvent treated sample. This suggests the presence of 
another phase. PXD does suggest that dehydration of some degree has occurred 
using solvent and thermal methods. 
40" 
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Figure 7.21 PXD pattern comparison of solvent and thermally mediated trehalose 
dihydrate phases, data collection range- 5-400 20, with a data collection time of20 
min, 
7.5.2 FT -Infrared Spectroscopy 
There are many similarities between the FT-IR spectrum obtained for trehalose 
dihydrate and that of previously investigated sugars (Figure 7.22). The broad O-H 
band is present at approximately 3300 cm-I , as is the free water O-H band at 1690 
cm-I. This latter O-H band appears a little high but this is likely due to 
instrumentation error. 
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The diagnostic region proposed previously for raffinose spectra is also evident for 
trehalose. Within this region, bands at 955, 910, 851 and 804 cm-I are present. 
7.5.2.1 Soft Dehydration 
The spectrum obtained for analysis of the solvent treated sample of trehalose. 
Note the distinct decrease in intensity of the free O-H water band. The shape of 
the bands within the diagnostic region are a lot sharper than in the parent sample 
and are present at 943 , 904, 834, 805 cm-I. These bands are notably reduced from 
those found in the parent sample spectrum. The FT -IR spectrum suggests that a 
certain level of dehydration has occurred via the solvent metho 
7.5.2.2 Hard Dehydration 
The FT-IR spectrum obtained from analysis of the thermally treated sample of 
trehalose showed that the IR bands are less well resolved in this spectrum and 
repeating the analysis lead to a similar spectrum. The bands present in the 
diagnostic region occur at 841 and 804 cm-I. Bands at 955 and 910 cm-I 
observed in the parent sample are absent from this spectrum. This, again, suggests 
that a phase change has occurred, possible dehydration. Comparing the two 
treated samples shows that both of these samples are different according to their 
I R spectrum. 
7.5.3 Optical Raman Spectroscopy 
Figure 7.23 shows the comparison of the Raman spectra obtained for the analysis 
of the samples of trehalose prepared by the different dehydration methods. Unlike 
raffinose, which showed very little difference between the spectra, there are subtle 
modifications in the spectra for trehalose. 
The spectra confirm previous findings that the different dehydration techniques 
produce different phases. There are a number of Raman bands that are common to 
all the poly morphs, some to the parent and the thermally treated and some to the 
thermally and solvent treated but no two spectra are identical, indicating different 
phases. 
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Figure 7.23 Raman spectra obtained from: trehalose dihydrate starting material; 
solvent treated; thermally treated trehalose 
7.5.4 Thermogravimetric Analysis 
Figure 7.24 shows the results of the TGA-DTA for trehalose dihydrate . 
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The TGA results show that weight loss initially begins at approximately 60°C. 
This initial weight loss is gradual, I % over ca. 2SoC. At ca. 9SoC, a rapid weight 
loss occurs, approximately 4% over 10°C, this implies that a phase changes occurs 
at this temperature. One of the water molecules of hydration is lost from the 
system, leaving the monohydrate phase. A further phase change occurs at 
approximately IISoC, further dehydration to the anhydrous polymorph of the 
disaccharide. The weight loss begins to stabilise at approximately 12SoC implying 
no further phase change. 
Between the definitive phase changes (ca. IIO-120°C) the weight of the sample 
never stabilises. This implies a continuous weight loss at different rates and hence 
that a monohydrate sample should theoretically be hard to isolate. This suggests 
that polymorphs isolated that were assumed to be the monohydrate, comprised a 
mixture of both dihydrate and anhydrous. 
Another theory behind the lack of stability of weight between phases involves the 
consideration of chemical equivalence. Chemical equivalence exists between the 
two different water molecules physisorbed to the same sugar molecule. Due to 
this, it is feasible to expect that non equivalent water molecules are removed at 
different times, creating a mixed transition. 
It is interesting to note that phase changes, according to the TGA results, all occur 
in or after the melting process. The melting point of trehalose dihydrate is ca. 89-
91 °C. The results clearly show phase changes above this temperature. 
The results of DTA (indicated by a red line) for trehalose dehydrate is comparable 
to that of maltose monohydrate. The phase changes occur in one endothermic 
reaction, with similar trends in both samples. When the initial phase change 
occurs an endothermic reaction takes place with a rapid increase in the 
temperature difference. As the sample continues to heat and lose weight, the rate 
of this reaction slows. The humps that can be observed in both maltose and 
trehalose concur with the phase transitions shown in the TGA results. These phase 
transitions obviously influence the rate of reaction. 
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7.5.5 Elemental Analysis 
Table 7.2 shows the expected % C and % H fo r each possible hydrate of trehalose 
fo rmed from the original dihydrate. 
Table 7.2 %C and % H found in di- mono- and anhydrous trehalose 
No. water of hydration Expected % C (%) Expected % H (H) 
2 
o 
7.5.5.1 Soft Dehydration 
38. 10 
40.00 
42.10 
6.90 
6.67 
6.40 
Elemental analysis of the solvent treated sample gave % C = 41.38% and % H = 
6.51 %. These values can be attributed to the anhydrous form of trehalose. 
7.5.5.2 Hard Dehydration 
The values of % C = 39.95% and % H = 6.55 obtained by analysis of the 
thermally Ireated sample of trehalose can be attributed to the monohydrate form of 
the sugar. 
7.5.6 SEM Analysis 
Figure 7.25 SEM of solvent treated trehalose dihydra te 
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Figure 7.26 SEM of thermally treated trehalose dihydrate 
The SEM images are observed at different magnifications but it was observed that 
the needle shaped crystals of the parent material are broken down during the 
dehydration process. The small globular particles observed in Figure 7.26 indicate 
a melt. This melt is different from the solvent mediated dehydration which 
exhibits a much more uniform morphology. This indicated the presence of a more 
crystalline phase. 
7.5.7 Recrystallisation 
Trehalose dihydrate recrystallised with a relatively large oblong shaped 
morphology. The crystals were singular and much larger, approximately 2-4 mm, 
than other sugars investigated (Figure 7.27). 
An initial cell check carried out on the crystals confirmed the presence of (1-(1-
trehalose dihydrate, the initial starting material. The Cambridge Structural 
Database showed that no structural refinements have been carried out on trehalose 
dihydrate since 197213 and therefore, due to advances in technology, such as the 
use of cryostreams allowing low temperature analysis, a fu ll refinement was 
carried out. 
274 
Chapter 7: Characterisation of Other Hydrated Sugars J. H. Kirk 
Figure 7.27 SEM of recrystallised trehalose dihydrate 
7.5.7.1 Structural Refinement of Trehalose Dihydrate 
0128 
3----~ 
H4A H12C 
06 
Figure 7.28 Molecule of trehalose dihydrate 
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Figure 7.29 View of trehalose dihydrate along the crystallographic l/ axis. 
Structural refinement showed that trehalose dihydrate crystallises in the 
orthorhombic space group P2 12121• The unit cell parameters; a = 7.5682(2) A; b = 
12.2111 (2) A; c = 17.8651 (3) A; (l = ~ = y =900 were observed with a cell volume 
of 1651.02(6) AJ and Z = 4. The final Rp value of the refinement, representing the 
quality of the fit of experimental data versus calculated data (Chapter 4), was 
determined to be 0.0290, indicating a satisfactory refinement (with 0.00 being a 
perfect fit). Figures 7.28-7.29 show the molecular arrangement of the trehalose 
dihydrate molecules within the unit cell . 
7.6 Summary and Conclusion 
Both PXD and FT -IR analysis visually show that phase changes are occurring 
during the solvent and thermal processes, due to dehydration, with respect to both 
sugars investigated. The elemental analysis shows that the two processes produce 
different hydrates but further investigation is required to substantiate these results. 
The most graphic representation of the phase changes occurring In raffinose 
pentahydrate are shown in the TXRD. This analysis shows that the thermally 
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treated sample, which was heated to 80°C for 48 h may have changed phase twice 
before being analysed. Further work on this method, using short sample 
preparation periods, might isolate this possible intermediate phase and give a 
definitive result for what appears, according to elemental analysis, to be the 
monohydrate phase. 
This investigation has highlighted a number of features of dehydration of sugars, 
both instrumental and chemical. The most apparent factor that has been made 
apparent is the difficulty in distinguishing between phases of highly hydrated 
materials. The pentahydrate of raffinose showed only small changes in PXD 
pattern, a technique used previously to instantly determine whether dehydration 
had occurred. The FT-IR spectra of raffinose were also nondescript in results, as 
were TXRD which, without close inspection, simply appeared to melt with the 
addition of heat. It was the elemental analysis that gave definitive results for the 
raffinose, indicating different levels of hydration. 
Trehalose showed the most obvious changes in phase. The TXRD pattern, showed 
exactly what the phase changes were and at what temperature they occurred. This 
ana lysis also highlighted that further work could be carried out using the thermal 
techniques to produce the monohydrate form of trehalose, complementing the 
formation of the anhydrous polymorph, produced by solvent dehydration. 
PXD and TXRD proved the most efficient techniques for determining phase 
changes and solvent dehydration produced the most clear dehydrated forms. FT-
IR, whilst being an instant technique, only showed slight changes in spectra and 
couldn ' t be used as evidence without the use of other techniques as confirmation. 
As a quantitative method, elemental analysis showed that phase changes were 
occurring and that it was due to dehydration. Multiple analyses are required In 
order to confirm results. 
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A number of areas of lactose chemistry have been investigated and clarified 
throughout this body of work. Although the major aspects have been focussed on 
crystalline polymorphs of lactose, it has extended the way for further work in 
more complex areas of sugar chemistry, such as the characterisation of amorphous 
materials. 
The characterisation of crystalline lactose polymorphs has clarified decades of 
work that at times was both confusing and contradictory. By using a number of 
different characterisation techniques, an initial library of data has been constructed 
allowing easy identification of the lactose phases across a variety of techniques. 
The solid state techniques adopted were useful tools in investigating structural 
differences in poly morphs but one of the largest areas most commonly associated 
with polymorphism is that of physical characteristics such as the thermodynamic 
and kinetic properties of lactose. It is questionable whether phase determination is 
possible through these techniques but time should be dedicated to those areas for 
the purpose of full characterisation. 
Other areas of lactose chemistry not included in this body of work include more 
in-depth analysis of lactose polymorphs using solid state NMR. Assignment of 
carbon environments may give more insight into the properties of lactose phases. 
It may also be possible to extend the quantification of mixed phase lactose to 
include the use of this spectroscopic technique, giving a complementary technique 
to the X-ray diffraction used to confirm results. 
The structural analysis of lactose polymorphs showed that the powder diffraction 
data obtained were comparable to that of the more long winded and complicated 
refinement of single crystal data. It also showed that within the decades of 
technological advancement, X-ray diffraction still has a leading place in structure 
determination. The most important observation from the structural refinement of 
lactose polymorphs was that of the isolation and refinement of the hygroscopic 
form of a-lactose. Prior to this, it was declared that this polymorph could not be 
isolated as a single phase, but the use of temperature resolved X-ray diffraction 
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allowed the in-situ refinement of the crystalline phase that some scientists 
attri bute to amorphous material. 
The effects of particle size appear to vary according to lactose phase and require 
more research in order to fully comprehend the physicality of polymorphs of 
powders. Although it can be concluded that the majority of the effects shown can 
be attributed to the relative surface area:volurne ratio, extension of the analysis 
using more advanced techniques would be required to confmn these hypotheses. 
Quantification of mixed phase lactose systems was deemed to be one of the most 
industrially relevant sections pursued within this work. Although in-depth, the 
investigation carried out was just the initial work that would enable a 
comprehensive quantification method to be developed. Extension of the same 
methods used within the investigation would enable specifications to be tightened 
and the limitations of the PXD technique to be tested to the full potential. 
The work outlined in chapter 6 showed that quantification was possible using 
PXD as a chosen techniques and that the more time efficient, long range data was 
more accurate. As previously mentioned, PXD is primarily concerned with 
structural differences between polymorphs but these structural differences may aid 
the quantification of mixed phase materials by attributing certain physical 
characteristics to certain polymorphs, confirmed by a structural technique such as 
X-ray diffraction. 
The aim of the final chapter of this thesis was to take principles of lactose 
chemistry and apply them to other hydrated sugar systems. This aim was achieved 
with varying results. It was confirmed that the more complex a hydrated system, 
the less likely, the structural differences between poly morphs, would be observed 
using techniques such as PXO or FT-JR. Although the aim was only achieved in 
part, the theory used in lactose dehydration was still successfully applied to 
predict the behaviour of other hydrated systems. Many scientists may have the 
opinion that these hydrated systems do not fa ll into the category of true 
polymorphs but with the convoluted array of definitions of the term, factors 
determining the constitution of a polymorph leave this area a little gray. 
281 
Chapter 8: Summary and Further Work J. H. Kirk 
The use of lactose, across different areas such as the pharmaceutical and food 
industries, brings together ideas from a number of chemical disciplines. This body 
of work has helped to harmonise ideas from a number of those research areas and 
has achieved the aim of laying a good foundation on which future structural work 
on lactose polymorphs may be built. 
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APPENDIX 1 
Structural Data of Lactose Polymorpbs 
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ALl Single Crystal X-ray Diffraction Data for La.H& 
Chemical formula 
Formula weight 
Temperature 
Radiation, wavelength 
Crystal system, space group 
Unit cell parameters 
Cell volume 
Z 
Calculated density 
Absorption coefficient ~ 
F(OOO) 
Crystal colour and size 
Reflections for cell refmement 
Data co llection method 
8 range for data collection 
Index ranges 
Completeness to 8 = 26.00° 
Intensity decay 
Reflections collected 
Independent reflections 
Reflections with F2>2cr 
Absorption correction 
Min. and max. transmission 
Structure solution 
Refinement method 
Weighting parameters a, b 
Data 1 restraints 1 parameters 
Final R indices [F2>2cr 1 
R indices (all data) 
Goodness-of-fit on F2 
Absolute structure parameter 
Largest and mean shiftlsu 
Largest diff. peak and hole 
CI2Hz40lZ 
360.3 1 
150(2) K 
MoKa, 0.71073 A 
monoclinic, P21 
a = 4.7830(5) A 
b = 21.540(2) A 
c = 7.7599(8) A 
768 .85(14) A3 
2 
1.556 glcm3 
0. 14 1 mm-I 
384 
f3 = 105.9 11 (2)° 
y = 90° 
colourless, 0.53 x 0.27 x 0.21 mm3 
3523 (8 range 2.73 to 28.17°) 
Bruker SMART 1000 CCD diffractometer 
(j) rotation with narrow frames 
1.89 to 28.9 1 ° 
h -6 to 6, k -27 to 27, 1-9 to 9 
99.7% 
0% 
6697 
3390 (Rint = 0.0191) 
3041 
semi-empirical from equivalents 
0.929 and 0.971 
direct methods 
Full-matrix least-squares on F2 
0.0394, 0.1957 
3390 / 4 / 233 
RI = 0.0342, wR2 = 0.0783 
RI = 0.0404, wR2 = 0.0813 
1.051 
0.1 (8) 
0.000 and 0 .000 
0.307 and - 0. 183 e A- 3 
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Table A 1.1.2 Atomic coordinates and equivalent isotropic displacement 
parameters CA2) fo r La.H20. Ueq is defined as one third of the trace of the 
orthogonalized Uij tensor. 
x y z Ueq 
0(1) -0.0486(3) -0.061 10(6) 0.73074(17) 0.0 176(3) 
CC I) 0.16 11 (4) -0.0 14 13(9) 0.7705(3) 0.0173(4) 
C(2) 0.0575(4) 0.03807(9) 0.6357(3) 0.0 186(4) 
0(2) 0.0642(3) 0.0 1592(7) 0.46483(17) 0.0226(3) 
C(3) 0.25 16(4) 0.09501 (9) 0.6876(3) 0.01 9 1(4) 
0(3) 0. 1250(3) 0.1 44 10(7) 0.56832( 19) 0.0246(3) 
C(4) 0.2783(4) 0.11279(9) 0.8830(3) 0.0 19 1(4) 
0(4) 0.0033(3) 0.1 3099(6) 0.9034(2) 0.0232(3) 
C(5) 0.3852(4) 0.05658(9) 1.0024(3) 0.0 184(4) 
C(6) 0.4082(5) 0.06983(9) 1.\968(3) 0.0226(4) 
0(6) 0.4960(3) 0.0 1478(7) 1.30099( 18) 0.0240(3) 
0(5) 0. 1816(3) 0.00616(6) 0.94851( 17) 0.0 184(3) 
C(7) -0.0862(4) -0.25161 (9) 0.8074(3) 0.02 11 (4) 
0 (7) -0.3770(3) -0.24881 (8) 0.8105 1( 19) 0.028 1(3) 
C(8) 0.0962(4) -0.21526(8) 0.969 1 (3) 0.0 180(4) 
0 (8) 0.0603(3) -0.23974(6) 1.1 3262( 18) 0.02 13(3) 
C(9) 0.0324(4) -0. 14594(9) 0.9477(3) 0.01 78(4) 
0(9) 0.2382(3) - 0. 11 50 1(6) 1.09 11 2( 18) 0.0238(3) 
CC IO) 0.0539(4) -0.12386(9) 0.7645(2) 0.01 71(4) 
CC II ) -0. 135 1(4) -0.1637 1(9) 0.6 149(3) 0.01 79(4) 
C( 12) -0.1058(5) -0. 1466 1( 10) 0.43 13(3) 0.0227(4) 
0(1\ ) -0.3009(3) -0. 18277(7) 0.29573( 19) 0.0267(3) 
0( 10) -0.0444(3) -0.22704(6) 0.64686( 18) 0.01 90(3) 
0(12) 0.6064(3) 0.2040 1(7) 0.53 15(2) 0.0236(3) 
iii 
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Table A 1.1.3 Bond lengths [A) and angles [0) for La. H20 
O( I)-C( I) 1.398(2) O( I)-C( IO) 1.437(2) 
C( I)-O(S) 1.426(2) C( 1)-C(2) I.S23(3) 
C(2)-O(2) 1.418(2) C(2)-C(3) I.S24(3) 
C(3)-O(3) 1.426(2) C(3)-C(4) I.S3S(3) 
C(4)-O(4) 1.423(2) C(4)-C(S) I.S2S(3) 
C(S)-O(S) 1.442(2) C(S)-C(6) I.S IO(3) 
C(6)-O(6) 1.432(2) C(7)-O(7) 1.399(2) 
C(7)-O(10) 1.41 7(2) C(7)-C(8) I.S33(3) 
C(8)-O(8) 1.427(2) C(8)-C(9) I.S24(3) 
C(9)-O(9) 1.432(2) C(9)-C(10) I.S29(3) 
C( IO)-C( II ) I.S2S(2) C( II )-O( IO) 1.432(2) 
C( 11 )-C(l2) I.SI4(3) C(12)-O(II) 1.431(2) 
C( I)-O( I)-C( I 0) 116.90( 14) O( I)-C(I)-O(S) 106.87(14) 
0(1)-C( I)-C(2) 107.71( 14) O(S)-C( I )-C(2) 111.23(IS) 
O(2)-C(2)-C( I) 107.9 I( IS) O(2)-C(2)-C(3) 110.46(16) 
C( I )-C(2)-C(3) 110.66( IS) O(3)-C(3)-C(2) 107.79(IS) 
0(3 )-C(3)-C( 4) 111.19( 16) C(2)-C(3)-C(4) 109.9S( 16) 
O(4)-C(4)-C(S) 108.50( 16) O(4)-C(4)-C(3) 110.48(16) 
C(S)-C(4)-C(3) 108.98( IS) O(S)-C(S)-C(6) I 06.87( IS) 
O(S)-C(S)-C(4) 109.SS(IS) C( 6)-C( S)-C( 4) 112.18(16) 
O(6)-C(6)-C(S) 109.72(16) C( I )-O(S)-C(S) 111.90( 13) 
0(7)-C(7)-O( 1 0) 112.3 1( 16) 0(7)-C(7)-C(8) 108.0I(IS) 
O( I 0)-C(7)-C(8) 110.07(IS) 0(8)-C(8)-C(9) 112.94( 16) 
O(8)-C(8)-C(7) III.OS( IS) C(9)-C(8)-C(7) 1I1.0S( 16) 
O(9)-C(9)-C(8) 107.26( IS) O(9)-C(9)-C( I 0) 111 .78(IS) 
C(8)-C(9)-C( 1 0) 110.11 (16) O(l)-C{I O)-C( 11 ) 106.82(14) 
O( I)-C( 10)-C(9) 1I0.83( IS) C( II )-C(I 0)-C(9) 110.8S(IS) 
O( 10)-C(I I)-C( 12) 107.03(IS) O( I O)-C( I I)-C(I 0) 108.42( 14) 
C(12)-C(I I)-C( 10) 113.00(16) 0(1 1)-C(12)-C(1 I) 110.4S(17) 
C(7)-O(I O)-C( I I) 11 3.S I( 14) 
IV 
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Table A 1. 1.4 Anisotropic displacement parameters CA 2) for La. H20 . The 
anisotropic displacement factor exponent takes the form: - 21t2[h2a*2U 11 + ... + 
2hka*b*U 12l 
UI I U22 U33 U23 U I3 U I2 
0(1) 0.0 182(6) 0.0 135(7) 0.0193(7) 0.00 12(5) 0.0024(5) 0.0005(5) 
CCI) 0.0 163(8) 0.0 182(9) 0.0180(9) 0.00 10(7) 0.0056(7) 0.0005(7) 
C(2) 0.0 183(9) 0.0 191 (9) 0.0185(9) 0.0003(8) 0.0053(8) 0.00 17(7) 
0(2) 0.023 1 (7) 0.0295(8) 0.0146(7) 0.00 11 (6) 0.0044(5) 0.0003(6) 
C(3) 0.0178(9) 0.0193(9) 0.02 11 ( 10) 0.0052(8) 0.0068(8) 0.0016(7) 
0(3) 0.0232(7) 0.0225(7) 0.0282(8) 0.0 11 8(6) 0.007 1 (6) 0.0005(6) 
C(4) 0.0193(9) 0.0 165( 10) 0.02 14(9) 0.0002(7) 0.0056(8) 0.0001(7) 
0(4) 0.0252(8) 0.0170(7) 0.0294(8) 0.0030(6) 0.0 I 07(6) 0.0046(6) 
C(5) 0.0164(9) 0.0184(9) 0.019 1 (9) -0 .0009(8) 0.0027(8) -0.0016(7) 
C(6) 0.0262(10) 0.0209(10) 0.0192( 10) -0.0006(8) 0.0037(8) -0.0014(8) 
0(6) 0.0233(7) 0.03 13(8) 0.0 168(7) 0.0036(6) 0.0046(6) 0.0000(6) 
0(5) 0.022 1 (6) 0.0 17 1(7) 0.0 149(6) -0.0002(5) 0.0034(5) -0.0030(5) 
C(7) 0.0246(10) 0.0180(9) 0.02 18( 10) -0 .0022(8) 0.0083(8) -0.0018(8) 
0(7) 0.024 1(7) 0.0373(9) 0.0232(7) -0.0054(7) 0.0068(6) -0.0081(7) 
C(8) 0.0209(9) 0.0145(9) 0.0 181 (9) 0.0006(7) 0.0043(8) -0.0002(7) 
0(8) 0.026 1(7) 0.0177(7) 0.0205(7) 0.0022(6) 0.0069(6) 0.0022(5) 
C(9) 0.020 I (9) 0.0164(9) 0.0146(9) -0.002 1(7) 0.00 12(7) 0.0006(7) 
0(9) 0.0337(8) 0.0 144(7) 0.0 169(7) -0.00 12(6) -0040.0(6) -0.0016(6) 
C(lO) 0.0178(9) 0.0157(9) 0.0165(9) -0.0009(7) 0.0023(7) 0.0015(7) 
CC II ) 0.0 176(9) 0.0184(9) 0.0165(9) -0.0023(7) 0.0025(7) 0.0010(7) 
C( 12) 0.0286( 11) 0.0221( 10) 0.0 157( I 0) -0.0024(8) 0.0033(8) -0.0029(8) 
0(1 1) 0.0304(8) 0.027 1(8) 0.0178(7) -0.0038(6) -)6(3 100.0 0.0045(6) 
0(10) 0.0223(7) 0.0168(7) 0.0 178(7) -0.0034(5) 0.0055(5) 0.0004(5) 
0(12) 0.023 1 (8) 0.0237(8) 0.0228(8) 0.0045(6) 0.0041(6) 0.0005(6) 
v 
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Table A 1.1.5 Hydrogen coordinates and isotropic d isplacement parameters (A 2) 
for La.H2O . 
x y z U 
H(I) 0.3529 -{).0304 0.7625 0.021 
H(2) -{).J466 0.0494 0.6323 0.022 
H(2A) -{).J 064 0.0094 0.40 19 0.034 
H(3) 0.4491 0.0854 0.6740 0.023 
H(3A) 0.2572 0. 1658 0.5466 0.037 
H(4) 0.4200 0. 1477 0.9197 0.023 
H(4A) -0.0202 0.1 693 0.8842 0.035 
H(5) 0.5796 0.0435 0.9903 0.022 
H(6A) 0.5522 0. 1032 1.24 11 0.027 
H(68) 0.2 178 0.0840 1.209 1 0.027 
H(6) 0.3886 0.0094 1.369 1 0.036 
H(7) -{).02 1 9 -{).2960 0.8190 0.025 
H(7A) -{).4840 -{).2626 0.7134 0.042 
H(8) 0.3048 -{).22 I 1 0.9721 0.022 
H(8A) -0.0883 -{).2241 1.1530 0.032 
H(9) -{).J 685 -{).1379 0.9577 0.021 
H(9A) 0.2211 -{).0764 1.0763 0.036 
H(IO) 0.2608 -{).1262 0.7605 0.02 1 
H(I I) -0.3432 -0.1599 0.6154 0.022 
H(12A) -{).1494 -{).J0 19 0.4086 0.027 
H(128) 0.0965 -0. 1540 0.4272 0.027 
H(I IA) -{).4392 -{). 1 603 0.2390 0.040 
H(12D) 0.764(4) 0.1839(1 I) 0.549(3) 0.034(7) 
H(12C) 0.621(5) 0.2289(10) 0.617(3) 0.040(8) 
Table AI. I.6. Hydrogen bonds for LaH20 [A and 0). 
O- H ... A d(D-H) d(H ... A) d(O ... A) 
« OHA) 
O(2)-H(2A) .. . O(6') 0.84 1.85 2.6659(19) 163 .1 
O(3)-H(3A) ... O(l2) 0.84 1.89 2 .722(2) 168.4 
O(4)-H(4A) ... O(8 ") 0 .84 1.97 2 .807(2) 173.8 
O(6)- H(6) ... O(2*) 0 .84 1.90 2.706(2) 160.4 
O(7)- H(7 A) ... O(12+) 0.84 1.97 2.772(2) 160.6 
O(8)-H(8A) ... O(I I *) 0.84 1.92 2.700(2) 155.0 
O(9)-H(9A) ... O(5) 0 .84 2.02 2 .8 187(19) 158.6 
O( 11 )- H(l l A) ... O(9') 0 .84 1.92 2 .755(2) 174.4 
O(12)-H(120) ... O(3#) 0.85(2) 1.90(2) 2.740(2) 174(3) 
O( 12)-H(12C) ... O(8- ) 0.84(2) 2.22(2) 2.920(2) 141 (2) 
Symmetry operations for equivalent atoms 
, x- l ,y ,z- 1 " -x,y+1/2,- z+2 * x,y,z+1 
+ - x,y-1 /2,-z+1 # x+ l ,y,z - -x+l ,y+1/2,-z+2 
vi 
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A1.2 Powder X-ray Diffraction Data for L6 
Chemical formula 
Formula weight 
Temperature 
Radiation, wavelength 
Crystal system, space group 
U ni t cell parameters 
C
'2 0" (No H atoms refined) 
320.12 
Room Temperature 
CuKu, 1.56056 A 
monoclinic, P21 
J. H. Kirk 
a = 10.8147(13) A 
b = 13.3265(17) A 
c = 4.9483(8) A 
712.99(27) N 
f3 = 91.2412(31)° 
Cell volume 
Z 
Calculated density 
2 
Reflections for cell refinement 
9 range for data collection 
Final R indices [F2>2cr 1 
3523 (9 range 2.73 to 28.17°) 
5.00 to 80.22° 
RI = 0.0656, wR2 = 0.0890 
Table A 1.2.1 Background Function: 
I: 2149.84 2: -3079.60 3: 1092.94 
5: -78.9270 6: 424.971 7: -619.108 
9: -186.951 10: 137.941 11: 86.0835 
13 : 163.800 14: -109.480 15: 120.212 
17: -129.184 18: 62.0737 19: -171.993 
21: -149.014 
4: -528.035 
8: 463.086 
12: -57.2214 
16: 64.4698 
20: 101.866 
Table A 1.2.2 Continuous Wavelength Profile function number 2 with 18 terms 
Profile coefficients for Simpson's rule integration of pseudovoigt function I 
# I (OU) = 2959.970 
#4(LX) = 1.578 
#7(asym) = -1.5075 
# IO(stec)= 0.00 
# 13(L1I) = 0.000 
# 16(112) = 0.000 
#2(OV) = -535.531 
#5(L Y) = 1.000 
#8(shft) = 0.0000 
#11(ptec)= 2.89 
# 14(L22) = 0.000 
#17(LI3) = 0.000 
#3(0W) = 130.9 11 
#6(tms) = 0.000 
#9(OP) = 0.000 
#12(sfec)= 0.00 
#15(L33) = 0.000 
#18(L23) = 0.000 
Peak tails are ignored where the intensity is below 0.0100 times the peak 
I Howard, C. J. , J. Appl. Crysl ., IS (1982) 61 5 
vii 
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Table A 1.2.3 . Atomic coordinates and equivalent isotropic displacement 
parameters for L~. 
x y z Ueq 
Cl' -0.23519 -0.42467 -0.00456 0.40614 
Cl -0.04263 -0.7368 -0.4552 0.15613 
C2' -0.25396 -0.30869 -0.04073 0.28945 
C2 -0.17478 -0.74229 -0.36773 0.04002 
C3' -0.32389 -0.26809 0.19982 0.12536 
C3 -0.22911 -0.63555 -0.36317 0.24842 
C4' -0.44403 -0.32716 0.22763 0.26754 
C4 -0.13965 -0.56479 -0.18575 0.39725 
C5' -0.41305 -0.44027 0.2515 0.18186 
C5 -0.00082 -0.58207 -0.2746 0.2892 
C6' -0.53536 -0.50029 0.28353 0.10207 
C6 0.09881 -0.52216 -0.10922 0.32952 
01 -0.17226 -0.46307 -0.23421 0.13344 
07 0.00345 -0.83351 -0.48018 0.05065 
02 -0.1 3763 -0.26197 -0.04922 0.21162 
08 -0.24355 -0.80118 -0.55624 0.01927 
03 -0.3526 -0.16638 0.15333 -0.01475 
09 -0.34545 -0.63866 -0.24476 0.14921 
04 -0.51882 -0.31 161 -0.00468 0.06725 
05 -0.35443 -0.47221 0.0106 0.26348 
010 0.02705 -0.68561 -0.25826 0.24044 
06 -0.50794 -0.60301 0.29352 0.18353 
011 0.18472 -0.48098 -0.28871 0.10931 
viii 
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Table A 1.2.4 Bond lengths [A) and angles raJ for LP 
C( 1 ')-C(2 ') I.S686S( 19) C(3)-C(4) I.S9966(13) 
C(I')-O(I) 1.43167(IS) C(3)-0(9) 1.39998( IS) 
C(I')-O(S) 1.440IS(IS) C(4')-C(S') I.S48 1 1(18) 
C(1)-C(2) I.S0406( 17) C(4')-0(4) 1.406S4( 16) 
C(1)-0(7) 1.38830( IS) C(4)-C(5) I.S9043( 18) 
C(I)-O( IO) 1.39682( 13) C(4)-0( 1) 1.4 1989( 16) 
C(2')-C(3 ') I.S2333( 16) C(S')-C(6') I.SS679(IS) 
C(2')-0(2) 1.40S21(14) C(S')-O(S) 1.42714( 17) 
C(2)-C(3) I.S3942(17) C(S)-C(6) I.SS883( 13) 
C(2)-0(8) 1.4 I 744( 12) C(S)-O(IO) 1.41419(17) 
C(3')-C(4') I.S2784(IS) C(6')-0(6) 1.40 133( 17) 
C(3')-0(3) 1.40832( 16) C(6)-0(11) 1.41034(13) 
C(2')-C( I ')-O( I) 108.9 IS(S) C(3')-C( 4 ' )-0(9) 108.998(7) 
C(2')-C( I ')-O(S) 108.996(S) C(3')-C(4')-0(4) 108.997(6) 
0(1 )-C( I ' )-O(S) 109.006(S) C(S')-C(4')-0(4) I 08.9933( 13) 
C(2)-C( I )-0(7) 109.004(4) C(3)-C(4)-C(S) 109.042(7) 
C(2)-C( I )-O( I 0) 108.941(7) C(3)-C(4)-0(1) 108.967(7) 
0(7)-C( I )-O( I 0) 109.042(6) C(S)-C(4)-0(1) I 08.9099( 18) 
C( 1')-C(2 ' )-C(3 ' ) 109.029(4) C(4')-C(S')-C(6' ) 108.968(7) 
C( I ')-C(2' )-0(2) 109.038(S) C(4')-C(S') 0(5) 109.024(4) 
C(3')-C(2')-0(2) 109.023(6) C(6')-C(S ' )-0(S) 109.007(S) 
C( 1 )-C(2)-C(3) 108.942(4) C(4)-C(S)-C(6) II S.2S4(7) 
C( I )-C(2)-0(8) 109.017(7) C(4)-CS-0(10) 109.0718(10) 
C(3)-C(2)-0(8) 109.044(7) C(6)-C(5)-0( 10) 109.007(6) 
C(2')-C(2')-C( 4 ' ) 108.960(6) C(S')-C(6 ' )-0(6) 109.013(7) 
C(2')-C(3 ')-0(3) 109.004(S) C(5)-C(6)-0(11) I 09.02S( I 0) 
C(4')-C(3 ')-0(3) 109.008(7) C( I ')-O( I}-C( 4) 109.133(S) 
C(2)-C(3)-C(4) 109.040(7) C( I ')-O(S)-C(S') 109.077(S) 
C(2)-C(3)-0(9) 108.996(4) C( 1 )-O( I 0)-C(5) 108.998(S) 
C(4)-C(3)-O(9) 109.029(8) 
IX 
- - - -
Appendix I J. H. Kirk 
Table A 1.2.5 Anisotropic displacement parameters (A2) for L~ 
U II UI2 U I3 U22 U23 U33 
C l' 0.2 0.4 -0.4 0.26231 -0.4 0.73834 
C l 0.33406 0.25311 -0.03755 0.08172 0.1 7709 0.05082 
C2' 0.1 356 1 0.4 -0.3738 0.355 12 -0.4 0.36 12 
C2 -0.05504 0.0450 1 -0.07302 0.06804 0.07808 0.10387 
C3' 0.24263 0.27099 -0.20144 0.20074 -0.16772 -0.076 1 
C3 -0.0 1695 0.31245 0.1 1547 0.5544 0.4 0.2 1273 
C4' 0.09358 0.4 -0.20878 0.65 -0.39522 0.04994 
C4 0.734 0.4 0.4 0.3324 0.33652 0.14227 
C5' 0.38383 -0.38596 -0.01217 0.23327 0.00859 -0.0722 
C5 0.18998 0.4 0.3922 0.43017 0.4 0.26424 
C6' 0.02237 -0.10983 0.09 146 -0.00965 0. 16164 0.2973 
C6 0.42238 0.10072 -0. 14222 -0.068 -0.08019 0.62752 
0 1 0.1271 -0.05502 -0.02249 0.2551 -0.18876 0.01707 
07 -0.01719 0.11114 -0.14948 0.06214 0.01313 0.10049 
02 0.1192 -0.1 7252 0. 1771 5 0.27736 -0.18351 0.2458 
08 -0.07875 0.01154 0.05568 0.00825 -0.05705 0.1307 
03 0.0 1233 0.06814 0.04753 -0.069 0.07444 0.01446 
09 0.41902 -0.31336 0.04415 0.1178 1 0.0167 -0.08746 
04 0.02785 -0.03867 0.07051 -0.0732 -0.05731 0.25003 
05 0.767 0.22285 -0.35745 0.0 162 1 -0.02585 -0.00863 
0 10 0.27299 0.4 0.1840 1 0.48027 0.2437 -0.02407 
06 0.1853 -0.4 -0.0453 0.4035 1 0.13183 -0.04024 
0 11 -0.03869 -0.04383 -0.15803 0.00916 -0.06327 0.35047 
Table A 1.2 .6 Hydrogen bonds [A and 0) for L~ 
D-H..-A D __ .A (A) Symmetry Op. I Symmetry Op. 2 
O(9)-H ... O(5) 2.556 x,Y,z X,Y,Z 
O(9)- H ... O(6) 2.891 X,Y,z x,y,-I+z 
O(6)-H ... O(9) 2.891 x,y,z x,y,l+z 
O(6)-H ... O(3) 2.781 X,Y,z -1-x,-1 /2+y,-z 
O(3)- H .. . O(6) 2.78 1 x,y,z -I-x, I 12+y,-z 
O(8)-H ... O(1 I) 2.599 x,Y,z -x,-1 /2+y, -I-z 
O(10)- H .. . O(2) 2.168 X,Y,z -x,-1 /2+y,-z 
O( II )- H .. . O(8) 2.599 x,y,z -x,1I2+y,-I-z 
O(2)-H ... O(IO) 2.168 X,Y,Z -x,1I2+y,-z 
x 
-- ---- - ---------------------------------------------------------, 
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A1.3 Powder X-ray Diffraction Data for La" 
Chemical form ula 
Formula weight 
Temperature 
Radiation, wavelength 
Crystal system, space group 
Unit cell parameters 
Cell volume 
Z 
e range for data collection 
Final R indices [F2>2crj 
C I2 01 1 (No H atoms refined) 
320.12 
Room Temperature 
CuKet, 1.56056 A 
monoclinic, P21 
a = 7.7965(4) A 
b = 19.6892(13) A 
c = 4.91343(11) A 
732.48(5) Al 
2 
5.00 to 80.220 
et = 900 
p = 103.796 1(28)0 
y = 900 
RI = 0.0526, wR2 = 0.0694 
Table A 1.3.1 Background Function: 
I 572.305 2 - 1019.53 3 311 .693 4 -321.7 12 
5 112.949 6 -160.964 7 153.689 8 -79.7906 
9 103 .082 10 -37.888 1 11 57. 1792 12 -24 .7995 
13 4.23903 14 -73.1053 15 38.9963 16 32. 1993 
17 -9 1.2844 18 -6.3 1852 19 -69.711 20 28.2909 
Table A 1.3.2 Continuous Wavelength Profile function number 2 with 18 terms 
Profile coefficients for Simpson's rule integration of pseudovoigt function2 
# I (GU) = 2126.430 
#4(LX) = 0.000 
#7(asym) = 4.0631 
# l O(stec)= -6. 15 
# 13(L 11) = 0.000 
#16(L I2) = 0.000 
#2(GV) = -48.518 
#5(L Y) = 55.909 
#8(shft) = -8.8207 
#1 1 (ptec)= 4.98 
# 14(L22) = 0.000 
# 17(L\3) = 0.000 
#3(GW) = -12.940 
#6(tms) = 41.1 02 
#9(GP) = 0.038 
# 12(sfec)= 0.00 
# 15(L33) = 0.000 
# 18(L23) = 0.000 
Peak tails are ignored where the intensity is below 0.0100 times the peak 
2 Howard, C. J.,J. Appl. Cryst., 15 ( 1982) 6 15 
xi 
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Table A 1.3.3 Atomic coordinates and equivalent isotropic displacement 
parameters (A2) for LaH 
x y z Ueq 
Cl' 0.30566(10) 0.0301 1(18) 0.8082S( 19) 0.18699 
C2' 0.43797(9) 0.084227(27) O. 773S9( 17) 0.293 18 
C3' 0.39498(9) 0.150686(35) 0.90417(18) 0.32479 
C4' 0.198S0( 11 ) 0.168975(34) 0.78 198(24) 0.37324 
CS' 0.08100( 19) 0.10556(5) 0.7942(4) 0.46503 
05 0.13876(34) 0.049943(34) 0.65850(35) 0.4964 
C6' -0. 1147(5) 0. 12295(5) 0.6448(9) 0.49138 
02 0.60747(26) 0.06332(5) 0.9078(4) 0.11 599 
03 0.5032 1 (26) 0.20316(5) 0.84 14(5) 0.33747 
04 0.17544(18) 0.18991(5) 0.5038(6) 0.16602 
06 -0. 1912(6) 0.06865(5) 0.4739(7) 0.2613 
C l 0.36591 (10) -0.193946(30) 0.42828( 16) 0.30584 
C2 0.18934(10) -0.157969(32) 0.413S9( 15) 0.17 15 
C3 0.19252(9) -0.087 157(32) 0.28 134( 15) 0 .1 964 
C4 0.36 194(8) -0.049365(30) 0.43 138( 16) 0.23464 
CS 0.52364( I 0) -0.09590(4) 0.44746( 15) 0.1 983 1 
C6 0.69209(33) -0.058750(34) 0.6049(5) 0.36459 
07 0.39 184( 17) -0.20 I 04(5) 0. 1577(4) 0.48 108 
08 0.052 15(23) -0. 19632(4) 0.2493(4) 0.43033 
09 0.04456(23) -0.05006(4) 0.3 109(4) 0.13833 
0 10 0.503 12( 12) -0.15537(4) 0.59069( 16) 0.33 146 
0 11 0.80702(3 1) -0.10549(5) 0.7740(7) 0.1251 
01 0.35058( 10) -0.03 192(4) 0.70254(30) 0.31207 
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Table A 1.3.4 Bond lengths [A] and angles [0] for La,., 
C( I ')-C(2') I.S206(27) C(3)-C(4) I.S419(9) 
C(I')-O( I) 1.4038(3S) C(3)-0(9) 1.4018(18) 
C(I')-O(S) 1.3894(26) C(4')-C(S') I.SS82(14) 
C( 1)-C(2) I.S34S( 11) C(4')-0(4) 1.3974(28) 
C( 1)-0(7) 1.3987(23) C(4)-C(S) I.S4S2( 10) 
C( I)-O( IO) 1.3968(10) C(4)-0( 1) 1.3990( 17) 
C(2')-C(3 ') I.S293( 10) C(S')-C(6') I.S66(4) 
C(2')-0(2) 1.3911(19) C(S')-O(S) 1.4106(2 1 ) 
C(2)-C(3) 1.5409(9) C(S)-C(6) I.S407(2 1) 
C(2)-0(8) 1.3979( 16) C(S)-O( IO) 1.3948( 12) 
C(3')-C( 4 ') I.S486( 11 ) C(6')-0(6) 1.402(4) 
C(3')-O(3) 1.4138(19) C(6)-0( 11 ) 1.4090(26) 
C(2')-C( I ')-O( I) 109.42(8) C(3')-C(4 ' )-C(S') 109.S7(7) 
C(2')-C( I ')-0(S) 108.S6(22) C(3')-C(4')-0(4) 109.42(10) 
0(1 )-C(I ')-O(S) I 09.47(1 S) C(S')-C(4 ')-0(4) 109.54(10) 
C(2)-C( I )-0(7) 109.44(7) C(3)-C(4)-C(S) 109.S0(S) 
C(2)-C( I )-O( I 0) 109.40(6) C(3 )-C( 4 )-O( I ) 109.40(6) 
0(7)-C( I )-O( I 0) 109.44(8) C( S)-C( 4)-0( I) 109.4S(6) 
C(I ')-C(2')-C(3') I 09.28( 11 ) C(4')-C(S')-C(6') I 08.84( 10) 
C( I ')-C(2 ')-0(2) 109.43(10) C( 4')-C(S ') O(S) 110.30(IS) 
C(3')-C(2')-0(2) 109.43(8) C(6')-C(S')-O(S) 109.48( 17) 
C( I )-C(2)-C(3) 109.46(6) C(4)-C(S)-C(6) 109.36(8) 
C( I )-C(2)-0(8) 109.40(8) C(4)-CS-0( 10) 109.46(7) 
C(3)-C(2)-0(8) 109.41(8) C(6)-C(S)-0( I 0) 109.38(8) 
C(2')-C(3 ')-C( 4 ' ) 109.38(6) C(S')-C(6')-0(6) 109.99(22) 
C(2')-C(3 ')-0(3) 109.38( 10) C(S)-C(6)-0( 11 ) 109.40(9) 
C( 4')-C(3 ')-0(3) 109.40(9) C( I ')-0( I)-C( 4) 130.09(11) 
C(2)-C(3)-C(4) 109.46(S) C(I ')-O(S)-C(S') 109.40( 16) 
C(2)-C(3)-0(9) 109.36(8) C( I)-O(IO)-C(S) 109.43(6) 
C(4)-C(3)-0(9) 109.3S(7) 
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Table A 1.3.5 Anisotropic displacement param eters (A2) for LUH 
U" U12 U" U" U" U" 
Cl' 0.14619 -0.15569 -0.01078 0.15401 0.34458 0.23248 
C2' 0.65898 -0.16229 -0.18918 0.07018 0.4 0.01412 
C3' 0.8 -0.4 -0.19296 0.04752 0. 13578 -0.01789 
C4' 0.464 -0.2659 0.30198 0.66506 0.07546 0.10883 
C5' 0.29183 -0.4 -0.35 129 0.05978 0.3 129 0.8 
05 0.78159 0.4 -0.29039 0.17735 0.08777 0.3 17 16 
C6' 0.2 1757 0.0067 -0.3088 0.67474 0.4 0.389 1 
02 -0.08395 0.0 1208 -0.03 192 0.201 63 0. 17905 0.20673 
03 0.041 13 -0.4 -0.06069 0.70657 -0.27793 0.21838 
04 0.19503 -0.02957 0.05076 0.26075 0.05496 0.05299 
06 0.00465 0.07774 -0.055 0.8 0 .1 8698 -0.04606 
Cl 0.25103 0.00415 0.10765 0.8 0.20365 -0.08886 
C2 0.26898 -0.19856 -0.0793 1 0.203 16 0. 128 19 -0.0 13 17 
C3 0.67756 -0.06367 0.14 136 0.03768 -0.03724 -0.09 
C4 0.8 0.28898 0.16599 0.01097 0.12216 -0.06729 
C5 0.03768 -0.37294 -0.1 2843 0.58546 0.10906 -0.09 
C6 0.25788 -0.24782 -0.1359 0.8 -0.0 1746 -0.04562 
07 0.52894 0.29196 0.0033 1 0.70484 -0.06 195 0.16905 
08 0.23641 -0. 14502 -0.1 4486 0.77 15 0.4 0.18446 
09 0.00529 0. 15173 -0.040 15 0.43008 -0. 14296 -0.03866 
0 10 0.34752 0.038 1 0.2 1984 0.8 0.28685 -0.05935 
Oil -0.03838 -0.0 1315 -0.10017 0.334 15 0.22668 0.02943 
0 1 0.68969 0.4 0.27223 0.30436 0. 18117 0.03606 
Cl ' 0.14619 -0.15569 -0.01078 0.1540 1 0.34458 0.23248 
C2' 0.65898 -0.16229 -0.18918 0.07018 0.4 0.014 12 
Table A1.3.6 Hydrogen bo nds for LUH (A a nd 0). 
D-H ... A D ... A (A) Symmetry Op. 1 Symmet ry Op. 2 
O(9}-H .. . O(5) 2 .595 x,y,z l -x,-1 /2+y, l -z 
O(7}-H ... O(3) 2.056 x,y,z l -x,1 /2+y, l -z 
O(3}-H ... O(7) 2.056 x,y,z x,y,z 
O(2}-H .. . O(6) 2 .851 x,y,z - I +x,y,- I +z 
O(6}-H .. . O(2) 2.935 x,y,z I+x,y,z 
O(8}-H .. . O( 11) 3.04 1 x,y,z I +x,y, I +z 
O( II }-H .. . O(9) 3.190 X,Y,Z - I +x,y,- I +z 
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AlA Single Crystal X-ray Diffraction Data for a-a-
Trehalose 
Chemical formula 
Formula weight 
Temperature 
Radiation, wavelength 
Crystal system, space group 
Unit cell parameters 
Cell volume 
Z 
Calculated density 
Absorption coefficient f.L 
F(OOO) 
Crystal colour and size 
Reflections for cell refinement 
Data co llection method 
di Ffractometer 
9 range fo r data collection 
I ndex ranges 
Completeness to 9 = 26.00° 
Intensity decay 
Reflections collected 
I ndependent reflections 
Reflections with F2>2(J 
Absorption correction 
Min. and max. transmission 
Structure solution 
Refinement method 
Weighting parameters a, b 
Data / restraints / parameters 
Final R indices [F2> 2(J 1 
R indices (all data) 
Goodness-oF-fit on F2 
Absolute structure parameter 
Largest and mean shiftlsu 
Largest diff. peak and hole 
xv 
C I2H260 IJ 
378.33 
150(2) K 
MoKa, 0.71073 A 
orthorhombic, P212121 
a = 7.5682(2) A a = 90° 
b = 12.2111(2)A ~=90° 
c = 17.865 1(3) A y = 90° 
165 1.02(6) A3 
4 
1.522 g/cm3 
0.140 mm-I 
808 
Colourless, 0.83 x 0.59 x 0.46 mm3 
4998 (9 range 2.28 to 40.643°) 
Bruker SMART 1000 CCD 
Cl) rotation with narrow frames 
2.02 to 40.92° 
h-II t09, k-21 to 20, 1-32 to 23 
100.0 % 
0% 
23084 
4998 (Rint = 0.0153) 
4682 
semi-empirical from equivalents 
0.8928 and 0.9385 
direct methods 
Full-matrix least-squares on F2 
0.0568, 0.0492 
4998 / 6 / 246 
RI = 0.0290, wR2 = 0.0800 
RI = 0.0318, wR2 = 0.0827 
1.077 
10(10) 
0.00 I and 0.000 
0.377 and -0.222 e A-3 
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Table A 1.4.2. Atomic coordinates and equivalent isotropic displacement 
parameters (A2) Ueq is defined as one third of the trace of the orthogonalized Uij 
tensor. 
x y z Ueq 
0 (1) 0.10327(9) 0.92947(5) 0.59136(3) 0.01228(10) 
CCI ') 0.14804(12) 0.95501(6) 0.66630(4) 0.01159(12) 
CCI) 0.01471(12) 1.01382(6) 0.55107(4) 0.01204(12) 
0(2) 0.43864(10) 0.87265(6) 0.64732(4) 0.01622(11 ) 
C(2) -0.02721(11) 0.96523(6) 0.47372(4) 0.01255(13) 
CC2') 0.28159(12) 0.86857(6) 0.69119(4) 0.01281(13) 
C(3) 0.14380(12) 0.94165(6) 0.43165(4) 0.01231(13) 
CC3') 0.19513(12) 0.75583(6) 0.68371(4) O.oI 199(12) 
0(3) 0.30441 (1 0) 0.66978(6) 0.71153(4) 0.01797(13) 
0(4) -0.07722(10) 0.65850(5) 0.71585(4) 0.01718(12) 
CC4') 0.02564(12) 0.75413(6) 0.73035(4) 0.01192(12) 
C(4) 0.26477(12) 1.04154(6) 0.43060(4) 0.01232(13) 
0(5) -0.00153(10) 0.95340(4) 0.71457(3) 0.01248(10) 
CC5') -0.09699(11) 0.85096(6) 0.71357(4) 0.0 1115( 12) 
C(5) 0.28718(12) 1.09086(6) 0.50897(4) 0.01174(12) 
0(6) -0.18580(10) 0.85185(6) 0.84639(3) 0.01685(12) 
CC6') -0.24528(12) 0.86129(7) 0.77090(4) 0.01368(13) 
C(6) 0.37860(13) 1.20135(7) 0.50540(4) 0.01484(14) 
0(7) -0.13220(10) 0.86871(5) 0.48051(4) 0.0 1625( 11) 
0(8) 0.1 0283( I 0) 0.90800(6) 0.35702(4) 0.0\849(13) 
0(9) 0.43431 (I 0) 1.01110(6) 0.40161 (4) 0.01645(12) 
0(10) 0.11944(9) 1.10867(5) 0.54462(3) 0.01254(10) 
0(11 ) 0.43305( I 0) 1.23814(5) 0.57770(4) 0.01690(12) 
0(12A) 0.51989( I 0) 0.83402(6) 0.49934(4) 0.01784(12) 
O(l2B) 0.39760( 12) 0.57087(6) 0.84688(4) 0.02329( 15) 
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Table A 1.4.3. Bond lengths [A] and angles [0] for a-a-Trehalose. 
C(2')-H(2') 1.0000 C(3)-O(8) 1.4291(10) 
C(3)-C(4) 1.5252(11) C(3)-H(3) 1.0000 
C(3')-O(3) 1.4266(10) C(3 ')-C(4') 1.5297(12) 
C(3')-H(3') 1.0000 O(3)-H(3A) 0.8400 
0(4)-C(4') 1.4271(10) 0(4)-H(4A) 0.8400 
C(4')-C(5 ') 1.5327(11 ) C(4')-H(4') 1.0000 
C(4)-0(9) 1.4327( 11 ) C(4)-C(5) 1.5335(10) 
C(4)-H(4) 1.0000 0(5)-C(5') 1.4447(9) 
C(5')-C(6') 1.5247(11) C(5')-H(5 ') 1.0000 
C(5)-0(10) 1.4369(11 ) C(5)-C(6) 1.5176( 11 ) 
C(5)-H(5) 1.0000 0(6)-C(6') 1.4264(10) 
0(6)-H(6) 0.8400 C(6')-H(6'A) 0.9900 
C(6')-H(6'B) 0.9900 C(6)-O( II ) 1.4283(10) 
C(6)-H(6A) 0.9900 C(6)-H(6B) 0.9900 
0(7)-H(7A) 0.8400 0(8)-H(8A) 0.8400 
0(9)-H(9A) 0.8400 O(II)-H(lIA) 0.8400 
0(12A)-H(12A) 0.831(12) O(l2A)-H(l2B) 0.845(11) 
0(12B)-H(12C) 0.854(12) 0(12B)- H(12D) 0.852(12) 
C( I ')-O( I )-C(I) 115.55(6) O( I )-C(I ')-O( 5) 112.31 (7) 
O( I )-C( I ')-C(2') 106.34(6) O( 5)-C( I ')-C(2') 109.90(6) 
O( I)-C( I ')- H( I ') 109.4000 0(5)-C(I ')-H(I ') 109.4000 
C(2')-C( I ')-H( 1 ') 109.4000 O( I O)-C( I )-O( I) 111.80(7) 
O( I O)-C( I )-C(2) 111.11 (6) 0(1)-C(1)-C(2) 105.80(6) 
O( I O)-C( I )-H( I) 109.4000 0(1 )-C( 1 )-H( I) 109.4000 
C(2)-C( I)-H(I ) 109.4000 C(2')-O(2)-H(2A) 109.5000 
0(7)-C(2)-C(3) 111.03(6) 0(7)-C(2)-C(I ) 110.95(6) 
C(3)-C(2)-C( 1) 109.94(7) 0(7)-C(2)-H(2) 108.3000 
C(3 )-C(2)-H(2) 108.3000 C( I )-C(2)-H(2) 108.3000 
0(2)-C(2')-C( I ') 111.59(6) 0(2)-C(2')-C(3 ') 109.89(6) 
C( I ')-C(2')-C(3') 108.26(7) 0(2)-C(2')-H(2') 109.0000 
C( I ')-C(2')-H(2') 109.0000 C(3')-C(2')-H(2') 109.0000 
0(8)-C(3)-C(2) 109.28(7) 0(8)-C(3)-C(4) 110.41 (6) 
C(2)-C(3)-C(4) 111.39(6) 0(8)-C(3)-H(3) 108.6000 
C(2)-C(3)-H(3) 108.6000 C(4)-C(3)-H(3) 108.6000 
0(3)-C(3')-C(4') 106.64(6) 0(3 )-C(3 ')-C(2') 112.60(7) 
C( 4')-C(3')-C(2') 108.86(6) 0(3 )-C(3 ')-H(3 ') 109.6000 
C(4')-C(3')-H(3') 109.6000 C(2')-C(3 ')-H(3 ') 109.6000 
C(3')-0(3)-H(3A) 109.5000 C( 4')-O(4)-H( 4A) 109.5000 
0(4)-C( 4')-C(3 ') 111.69(6) 0(4)-C(4')-C(5') 105.39(7) 
C(3')-C(4')-C(5') 113.00(6) 0(4)-C(4')-H(4') 108.9000 
C(3')-C(4')-H(4') 108.9000 C(5 ')-C( 4')-H( 4') 108.9000 
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0(9~(4}-C(3) 109.5S(6) 0(9}-C(4~(S) 109.44(7) 
C(3}-C(4}-C(S) 111.67(6) 0(9}-C(4}-H(4) 108.7000 
C(3}-C(4}-H(4) 108.7000 C(5~(4}-H(4) 108.7000 
C(I '}-O(S}-C(S') 113.72(6) 0(S}-C(S'~(6') 106.7S(6) 
0(S~(S'}-C(4') 111.27(7) C(6'~(S'}-C( 4') 112.22(6) 
0(S~(S'}-H(5') 108.8000 C(6'~(S'}-H(S') 108.8000 
C(4'~(S'}-H(5') 108.8000 0(10~(S~(6) 106.67(6) 
0(10~(S~(4) III.SO(7) C(6}-C(S~(4) 111.18(6) 
O( I O}-C(S}-H(S) 109.1000 C(6~(S}-H(5) 109.1000 
C(4~(5}-H(5) 109.1000 C(6'}-O(6}-H(6) 109.5000 
0(6~(6'~(5') 113.34(7) 0(6}-C(6'}-H(6'A) 108.9000 
C(5'~(6'}-H(6'A) 108.9000 O( 6}-C( 6'}-H( 6'B) 108.9000 
C(5'}-C(6'}-H(6'B) 108.9000 H(6'A~(6'}-H(6'B) 107.7000 
0(11 }-C(6}-C(5) 111.91(6) 0(11 }-C(6}-H(6A) 109.2000 
C(5~(6}-H(6A) 109.2000 0(11~(6}-H(6B) 109.2000 
C(5~(6}-H(6B) 109.2000 H(6A~(6}-H(6B) 107.9000 
C(2}-O(7}-H(7 A) 109.S000 C(3}-0(8}-H(8A) 109.5000 
C(4}-0(9}-H(9A) 109.S000 C(I}-O(10~(5) 114.15(6) 
C(6}-O(1 I}-H(1 lA) 109.S000 H(12A}-O(12A}-H(12B) 113.6(16) 
H( 12C}-0( 12B}-H( 120) 107.3(15) 
Table A 1.4.4 Hydrogen bonds for ().-().-Trehalose [A and 0]. 
O- H ... A d(O- H) d(H .. . A) d(D ... A) « OHA) 
0(2}-H(2A) .. . 0(12B') 0.84 1.89 2.7214(10) 171.4 
0(3}-H(3A) ... 0(8") 0.84 1.95 2.7391(10) 157 
0(4}-H(4A) ... 0(5*) 0.84 2.13 2.8S89(9) 145.7 
0(6}-H(6) ... 0(9+) 0.84 1.9 2.7197(10) 163.5 
0(7}-H(7 A) .. . O( 12A#) 0.84 1.97 2.7537(10) 154.6 
0(8}-H(8A) ... 0(4") 0.84 2.03 2.8666(11 ) 173.9 
0(9}-H(9A) ... 0(12A) 0.84 2.03 2.8536(10) 166 
0(11 }-H(1 1 A) ... O(6-) 0.84 1.86 2.6960(10) 172.S 
0(12A}-H(12A) ... 0(71) 0.831 (12) 1.858( 12) 2.6881 ( 11 ) 176.4(18) 
0(12A}-H(12B) ... 0(2) 0.84S(II) 1.918(12) 2.7S51(10) 170.7(17) 
0(12B}-
H(12C) ... 0(11 !) 0.854(12) 1.908(12) 2.7622(11) 179.4(19) 
Symmetry operations for equivalent atoms 
, -x+l ,y+1 /2,-z+3/2 " x+ 112, -y+ 3/2, -z+ I * -x,y-1 /2,-z+312 
+ -x+1 /2,- y+2,z+ 1/2 # x-1 /2,-y+ 3/2,-z+ I - -x,y+1 /2,-z+3/2 
1 x+l,y,z ! -x+ I ,y-1 /2,-z+ 3/2 
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Table A 1.4.5. Anisotropic displacement parameters (A2) for (1-(1- Trehalose. The 
anisotropic displacement factor exponent takes the form: -21t2 [h2a*2U I I + ... + 
2hka*b*U 12] 
UI I U22 U33 U23 U I3 UI2 
0(1) 0.0166(3) 0.0 I 05(2) 0.00981 (18) 0.00098( 15) 0.00022(18) 0.00059( 18) 
C( I') 0.0128(4) 0.0111(3) 0.0108(2) -0.00034(19) 0.0018(2) -0.0013(2) 
C( I) 0.0125(4) 0.0110(3) 0.0127(2) 0.00149(19) 0.0015(2) 0.0010(2) 
0(2) 0.0126(3) 0.0190(3) 0.0171(2) -O.00087( 19) 0.0023(2) -0.0016(2) 
C(2) 0.0107(4) 0.0129(3) 0.0141(2) 0.0012(2) -0.0006(2) -0.0006(2) 
C(2') 0.0128(4) 0.0 148(3) 0.0 109(2) -0.0003(2) 0.0002(2) -0.0001(2) 
C(3) 0.0114(4) 0.0136(3) 0.0120(2) -0.0012(2) -0.0005(2) -0.0014(2) 
C(3') 0.0132(4) 0.0116(3) 0.0112(2) 0.00117(19) 0.0007(2) 0.0015(2) 
0(3) 0.0182(3) 0.0180(3) 0.0177(2) 0.0054(2) 0.0042(2) 0.0079(2) 
0(4) 0.0163(3) 0.010 1(2) 0.0251(3) 0.00086( 19) -0.0009(2) -0.00157( 19) 
C(4') 0.0133(4) 0.0108(3) 0.0 11 7(2) 0.00079(19) 0.0003(2) 0.0001(2) 
C(4) 0.0129(4) 0.0131(3) 0.0110(2) -0.0002(2) 0.0009(2) -0.0014(2) 
0(5) 0.0145(3) 0.0101(2) 0.0 1277( 19) -0.00081 (15) 0.00359( 19) -O.00087( 18) 
C(5') 0.0122(4) 0.0106(3) 0.0 106(2) 0.00077( 18) 0.0003(2) -0.0003(2) 
C(5) 0.0130(4) 0.0110(3) 0.0112(2) -0.00021 (19) 0.0014(2) -0.0012(2) 
0(6) 0.0188(3) 0.021 1 (3) 0.0 I 070( 19) 0.00048(18) 0.0012(2) -0.0058(2) 
C(6') 0.0129(4) 0.0160(3) 0.0 12 1(2) 0.0012(2) 0.0012(2) 0.0000(2) 
C(6) 0.0 184(4) 0.0129(3) 0.0132(2) -0.0012(2) 0.0017(3) -0.0042(3) 
0(7) 0.0 11 5(3) 0.0148(2) 0.0225(3) 0.0009(2) -0.0006(2) -0.0026(2) 
0(8) 0.0161(3) 0.0256(3) 0.0138(2) -0.0071(2) 0.000 1(2) -0.0041(2) 
0(9) 0.0 152(3) 0.0178(3) 0.0163(2) -O.00233( 19) 0.0055(2) -0.0027(2) 
0(10) 0.0139(3) 0.0095(2) 0.0 142(2) 0.00035( 15) 0.00325( 19) 0.00023(18) 
0(11) 0.0173(3) 0.0174(3) 0.0 159(2) -O.00574( 19) 0.0006(2) -0.00 11 (2) 
0(12A) 0.0131(3) 0.0203(3) 0.0202(3) -0.0017(2) 0.0020(2) 0.0000(2) 
0(12B) 0.0288(4) 0.0198(3) 0.0212(3) 0.0012(2) -0.0018(3) 0.0028(3) 
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Table AI.4.6. Hydrogen coordinates and isotropic displacement parameters (A2) 
for a-a-Trehalose 
x y z U 
H(I') 0.2045 1.0290 0.6681 0.014 
H(I ) -0.0982 1.0325 0.5772 0.014 
H(2A) 0.4893 0.9331 0.6540 0.024 
H(2) -0.0960 1.0207 0.4446 0.015 
H(2') 0.3127 0.8815 0.7449 0.015 
H(3) 0.2067 0.8804 0.4575 0.015 
H(3') 0.1659 0.7416 0.6300 0.014 
H(3A) 0.3921 0.6619 0.6832 0.027 
H(4A) -0.0162 0.6025 0.7244 0.026 
H(4') 0.0578 0.7556 0.7846 0.014 
H(4) 0.2119 1.0982 0.3970 0.015 
H(5') -0.1502 0.8405 0.6628 0.013 
H(5) 0.3593 1.0399 0.5404 0.014 
H(6) -0.1074 0.8990 0.8546 0.025 
H(6'A) -0.3038 0.9332 0.7644 0.016 
H(6'B) -0.3344 0.8037 0.7611 0.016 
H(6A) 0.4833 1.1958 0.4724 0.018 
H(6B) 0.2969 1.2558 0.4833 0.018 
H(7A) -0.0698 0.8174 0.4974 0.024 
H(8A) 0.1944 0.8836 0.3363 0.028 
H(9A) 0.4714 0.9555 0.4244 0.025 
H( llA) 0.3496 1.2721 0.5982 0.025 
H(1 2A) 0.6283(16) 0.8424(14) 0.4946(9) 0.027 
H(12B) 0.483(2) 0.8461 (13) 0.5432(7) 0.027 
H(12C) 0.450(3) 0.6229(12) 0.8701 (9) 0.035 
H(12D) 0.357(3) 0.5973(14) 0.8063(8) 0.035 
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Table A 1.4.7. Torsion angles [0] for a-a-Trehalose. 
C( I}-O( I}-C( I'}-O(S) 74.59(8) C( I}-O( I}-C( 1'}-C(2') - I 6S. I 6(7) 
C( I'}-O( I}-C( I }-D( 10) 61 .S8(9) C( I'}-O( I }-C( I }-C(2) - 177.33(7) 
()(10}-C(I}-C(2}-D(7) I 79.S6(7) ()(I}-C(I}-C(2}-O(7) S8.03(9) 
()(IO}-C(I}-C(2}-C(3) S6.36(8) ()( I}-C( I }-C(2}-C(3) -65 .1 7(8) 
()( I }-C( 1'}-C(2'}-O(2) 62.19(8) ()(5}-C( 1'}-C(2'}-O(2) - 176.02(6) 
()( I}-C( 1'}-C(2'}-C(3') -58.86(8) ()(5}-C( I'}-C(2'}-C(3') 62 .93(7) 
()(7}-C(2}-C(3}-O(8) 63. 18(8) C( I }-C(2}-C(3}-O(8) -173 .67(6) 
()(7}-C(2}-C(3}-C(4) -174.56(6) C(I }-C(2}-C(3}-C(4) -5 1.41 (8) 
()(2}-C(2'}-C(3'}-D(3) 62.78(8) C( 1'}-C(2'}-C(3'}-O(3) - 175.13(6) 
()(2}-C(2'}-C(3'}-C( 4') -179. 19(6) C( 1'}-C(2'}-C(3'}-C( 4') -57.09(7) 
()(3}-C(3'}-C(4'}-D(4) - 68.31(8) C(2'}-C(3'}-C(4'}-O(4) 169.95(6) 
()(3}-C(3'}-C(4'}-C(5') 173.06(6) C(2'}-C(3'}-C(4'}-C(5') 51 .32(8) 
()(8}-C(3}-C(4}-O(9) - 67.77(9) C(2}-C(3}-C(4}-O(9) 170.62(6) 
()(8}-C(3}-C(4}-C(5) 170.82(7) C(2}-C(3}-C(4}-C(S) 49.22(9) 
()( I}-C( 1'}-O(5}-C(S') 55.91(8) C(2'}-C(I'}-O(5}-C(5') -62.26(8) 
C( I '}-O( S}-C( S '}-C( 6') 177.00(6) C( 1'}-O(5}-C(5'}-C(4') 54.26(8) 
()( 4}-C( 4'}-C(5'}-D(5) -170.94(6) C(3'}-C( 4'}-C(S'}-O(5) -48.70(8) 
()( 4}-C( 4'}-C(S'}-C(6') 69.52(8) C(3 '}-C( 4 '}-C( 5'}-C( 6') -168.24(6) 
()(9}-C(4}-C(S}-D(10) - 171.96(6) C(3}-C( 4}-C(5}-O( I 0) -50.49(9) 
()(9}-C( 4}-C(5}-C(6) 69. 14(9) C(3}-C(4}-C(5}-C(6) -169.39(7) 
()(S}-C(5'}-C(6'}-O(6) -75.94(8) C( 4'}-C(S'}-C(6'}-O(6) 46.2 1(9) 
C( I }-O( I }-C( I '}-D( S) 74 .59(8) C( I }-D( I}-C( 1'}-C(2') -165 .1 6(7) 
C( I'}-O( I}-C( I }-D( 10) 61.58(9) C( I'}-O( I}-C( I }-C(2) -\77.33(7) 
()( I O}-C( I }-C(2}-O(7) 179.56(7) ()(I}-C(I}-C(2}-O(7) 58.03(9) 
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A2.1 La,:La.H20: Long Range Analysis 
Table A2.1 Relative intensity of the Las reflection for the long range, solid state preparation 
of Las: La. H2O 
Las La.H2O Relative 
Angle Intensity Intensity Intensity 
(°29) !Countsl !Countsl !Laii!La.HjOU%) 
20% Las I 17.929 1168 64443 1.81 
(x =1.89) 2 17.930 1381 63886 2.16 
(s=0.19) 3 17.939 1104 63824 1.73 
4 17.929 3565 191916 1.86 
40% Los I 17.936 2780 480 16 5.79 
(x =4.75) 2 17.944 2367 48022 4.93 
(s = 0.86) 3 17.932 1776 47959 3.70 
4 17.931 6737 142784 4.72 
60% Lus I 17.932 4045 32178 12.57 
(x= 13.91) 2 17.926 4000 32181 12.43 
(s=2.09) 3 17.943 5445 32178 16.92 
4 17.933 13075 95382 13.71 
80% Lus I 17.923 3276 9954 32.91 
(x = 36.77) 2 17.935 4277 11836 36.14 
(s=3.59) 3 17.930 4172 10030 41.60 
4 17.929 11450 31423 36.44 
Table A2.2 Relative intensity of the Las reflection for the long range, solvent mediated 
preparation of Las: La. H20 
Lus La.H2O Relative 
Angle Intensity Intensity Intensity 
(°29) ICounts) ICounts) !Laii!La.H2O)!%) 
20% Las I 17.987 401 17 11 3 2.34 
(x= 2.06) 2 17.970 279 16013 1.74 
(s = 0.270) 3 17.968 302 13598 2.22 
4 17.976 905 46298 1.95 
40% Las I 17.955 857 10362 8.27 
(x = 7.48) 2 17.996 855 11631 7.35 
(s = 0.606) 3 17.960 808 11877 6.80 
4 17.970 2446 32721 7.48 
60% Las I 18. 138 1526 9074 16.82 
(x = 19.18) 2 18.117 1153 6017 19.16 
(s = 1.86) 3 18.111 1284 6009 21.37 
4 18.126 3937 20343 19.35 
80% Las I 17.957 1470 3472 42.34 
(x = 52.25) 2 17.990 1551 3083 50.31 
(s=9.468) 3 18.000 1793 2753 65.13 
4 17.986 4751 9275 51.22 
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A2.2 La,:La.H20: Long Range Analysis - Unknown Samples 
Table A2.3 Raw PXD for three unknown samples of Las: La.H,O materia l prepared using 
solid state techniques and analrsed using long range data collection 
Las La.H,O Relative 
Angle Intensity Intensity Intensity Ln(Relative 
(°26) !Counts) !Counts) !LaiLa.HiOl Intensit~l 
Unknown I I 17.941 766 21644 3.54 1.26387 
2 17.958 640 22908 2.79 1.02740 
3 17.933 741 24263 3.05 1.11646 
Total 17.945 213 1 67397 3. 16 1.1 5 11 6 
x 1.13972 
Unknown 2 I 18.091 2 159 1767 122.18 4.80553 
2 18.092 2457 1968 124.85 4.82709 
3 18.083 2205 1097 201.00 5.30332 
Total 18.087 6783 4658 145.62 4.98100 
x 4.97924 
Unknown 3 I 18.170 8 1.5 31743 0.26 -1.35965 
2 18. 184 86.8 35621 0.24 -1.4119 1 
3 18. 164 8 1.5 3 1743 0.26 - 1.35965 
Total 18. 174 233 98779 0.24 -1.44443 
-
x -1.39391 
Table A2.4 Raw PXD for three unknown sa mples of Las:La.H,O material prepared using 
solvent media ted technigues and analrsed using long range data collection 
Las La.H,O Relative 
Angle Intensity Intensity Intensity Ln(Relative 
(°26) !Counts) ICounts) !LaiLa.HiO) Intensit~) 
Unknown I I 17.987 1439 8596 16.74 2.81782 
2 17.980 1408 5958 23.63 3.1 626 1 
3 17.987 153 1 580 1 26.39 3.27306 
Total 17.966 866 3898 22.22 3.10084 
x 3.08858 
Unknown 2 I 18.0 19 696 17557 3.96 1.3773 1 
2 18.008 467 13437 3.48 1.24573 
3 17.968 463 13744 3.37 1.21454 
Total 18.000 1542 43488 3.55 1.26577 
-x 1.27584 
Unknown 3 I 18.030 1636 591 276.82 5.62336 
2 18.021 1754 743 236.07 5.464 13 
3 18.032 2282 1821 125 .32 4.83084 
Total 18.0 13 2 11 6 970 2 18.14 5.385 16 
x 5.32587 
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A2.3 Las:La.H20: Short Range Analysis 
Ta ble A2.S Relative intensity of the Los reflection for the short range, solid state preparation 
of Las: La.H2O 
Los La. H20 Relative 
Angle Intensity Intensity Intensity 
!O261 !Countsl !Countsl !LaiLa.HjOl!%l 
20% Los I 8.910 2 18 4390 4.97 
(x= 8.20) 2 8.910 244 3730 6.54 
(s=5.026) 3 8.937 334 2 130 15.68 
4 8.919 552 9819 5.62 
40% Los I 8.964 770 4116 18.71 
(x = 20.00) 2 8.942 515 2129 24. 19 
(s = 3.51 9) 3 8.929 421 1989 21.17 
4 8.946 1224 7683 15.93 
60% Los I 8.961 865 2822 30.65 
(i' = 34.43) 2 8.972 688 1764 39.00 
(s=4.842) 3 8.939 1047 2740 38.2 1 
4 8.967 2203 7377 29.86 
80% Los I 8.908 728 1014 71.79 
(x = 63.61) 2 8.900 948 1459 64.98 
(s=6. 175) 3 8.895 734 1249 58.77 
4 8.903 1804 3063 58.90 
Table A2.6 Relative intensity of the Los reflection for the short range, solvent mediated 
preparation of Los: La. H20 
Los La.H2O Relative 
Angle Intensity Intensity Intensity 
!"2°1 !Cou ntsl !Countsl !LaiLa.HjOl!%l 
20% Los I 8.801 667 7271 9.17 
(s = 2.48) 2 8.800 330 7916 4.17 
3 8.879 394 10071 3.91 
4 8.926 298 8924 3.34 
5 8.855 305 9203 3.31 
Sum PXO 1925 40798 4.72 
40% Las 1 8.793 452 9764 4.63 
(s = 0.97) 2 8.852 494 7699 6.42 
3 8.832 400 8294 4.82 
4 8.858 534 8702 6. 14 
5 8.836 337 7968 4.23 
Sum PXO 1869 50881 3.67 
60% Los 1 8.902 9 12 5557 16.41 
(s = 5.88) 2 8.844 831 5444 15.26 
3 8.876 779 3369 23 .12 
4 8.870 1226 4221 29.05 
5 8.860 749 5058 14.81 
6 8.889 955 3887 24.57 
Sum PXD 5039 26039 19.35 
80% Los 1 8.940 992 2095 47.35 
(s = 28.80) 2 8.936 1348 1338 100.75 
3 8.946 1002 3504 28.60 
4 8.945 1607 1494 107.56 
5 8.944 1516 2568 59.03 
6 8.957 1154 1766 65.35 
7 8.946 1110 2210 50.23 
Sum PXD 8244 13392 61.56 
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A2.4 LIl,:La.H20: Short Range Analysis - Unknown Samples 
Table A2.7 Raw PXD for three unknown samples of Las:La.H,O material prepared using 
solid state techniques and anal~sed using short range data collection 
Las La.H,O Relative 
Angle Intensity Intensity Intensity Ln(Relative 
(°26) (Counts1 (Counts) !Laii!La.HjO) I ntensit;!:) 
Unknown I I 8.906 116 1306 8.88 2.18404 
2 8.348 99.8 983 10. 15 2.31773 
3 8.910 159 1350 11.78 2.46621 
Total 8.921 406 3616 11.23 2.41840 
-
x 2.34690 
Unknown 2 I 9.055 317 206 153.88 5.03620 
2 9.091 293 192 152.60 5.02785 
3 9.050 373 239 156.07 5.05029 
Total 9.056 976 596 163.76 5.09839 
-x 5.05318 
Unknown 3 I 8.985 117 1756 6.66 1.89655 
2 9.095 24 131 5 1.83 0.60163 
3 8.970 86.9 1507 5.77 1.75205 
Total 8.967 224 462 1 4.85 1.57845 
x 1.42717 
Table A2.8 Raw PXD for three unknown samples of Las:La.H,O material prepared using 
solvent mediated technigues and anal~sed using short range data collection 
Las La.H,O Relative 
Angle Intensity Intensity Intensity Ln(Relative 
~026) (Counts) !Countsl !Laii!La.HjOl I ntensi!l:l 
Unknown I I 8.958 1277 2879 44.356 3.792 
2 8.948 548 4551 12.041 2.488 
3 8.957 757 2849 26.57 1 3.280 
4 8.992 1407 2 184 64.423 4. 165 
Sum PXD 32.892 3.493 
Unknown 2 I 8.97 300 7332 4.092 1.409 
2 8.941 416 8109 5.130 1.635 
3 8.957 374 7303 5.12 1 1.633 
Sum PXD 4.870 1.583 
Unknown 3 I 8.964 1352 415 325.783 5.786 
2 8.983 1440 1623 88.725 4.486 
3 8.976 1216 531 229.002 5.434 
4 8.988 2433 477 510.063 6.235 
5 8.976 6301 2547 247.389 5.51 1 
Sum PXD 44.356 3.792 
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A2.S L~ : La.H20: Long Range Analysis 
Table A2.9 Relative intensity of the LP reflection for the long range, solid state preparation 
ofLp:La.H,O 
LJI La.H,O Relative 
Angle Intensity Intensity Intensity 
("26) (Counts) (Counts) (Lp/La.H20){%) 
20% LP I 10.516 749 14567 5.14 
(x =4.42) 2 10.510 505 14200 3.56 
(s=0.65) 3 10.517 452 9994 4.52 
4 10.518 1669 37467 4.45 
40% LP I 10.503 867 8707 9.96 
(x =9.97) 2 10.505 872 8862 9.84 
(s=O.IO) 3 10.488 776 7758 10.00 
4 10.496 2501 24806 10.08 
60% LP 10.505 1143 4765 23 .99 
(x = 27.75) 2 10.512 131 9 4543 29.03 
(s=2.80) 3 10.513 1349 4423 30.50 
4 10.514 3729 13570 27.48 
80% LP I 10.509 1515 2914 51.99 
(x = SO.56) 2 10.504 1443 3270 44. 13 
(s=4 .85) 3 10.511 1435 2573 55.77 
4 10.507 4303 8544 50.36 
A2.6 L~:La.H20: long Range Analysis - Unknowns 
Table A2.10 Raw PXD for three unknown samples of LJI:La.H,O material prepared using 
solid state techniques and analxsed using long range data collection 
LP La. H20 Relative 
Angle Intensity Intensity Intensity Ln(Relative 
~o201 ~Countsl ~Countsl ~L~/La.H201 (51 Intensi~l 
Unknown I I 10.438 1111 3141 35.37 3.565889 
2 10.430 1089 4711 23 .12 3. 140530 
3 10.449 1305 3695 35.32 3.564393 
Total 10.438 3434 11 451 29.99 3.4008 19 
Unknown 2 I 10.429 314 9854 3.19 1.158930 
2 10.435 309 10944 2.82 1.037965 
3 10.449 470 15835 2.97 1.087925 
Total 10.436 11 10 35550 3.12 1.1 38590 
Unknown 3 I 10.593 3154 1597 197.50 5.285715 
2 10.587 2657 1344 197.69 5.286718 
3 10.596 3503 2074 168.90 5. 1293 11 
Total 10.589 9267 4923 188.24 5.237712 
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A2.? La,: La.H20: Short Range Analysis 
Table A2.11 Relative intensity of the LP renection for the short range, solid state preparation 
of LP: La.H,O 
LP La.H,O Relative 
Angle Intensity Intensity Intensity 
(°20) (Count) (Count) (LJlILa.H,O)(%) 
20% LP I 10.477 3545 9438 37.56 
2 10.479 3662 9073 40.36 
(x =38.04) 3 10.478 3653 10434 35.01 
(,=1.75) 4 10.486 3044 7976 38.16 
5 10.479 3799 9846 38.58 
6 10.479 3797 9848 38.58 
40% LP 10.479 8056 7989 100.84 
2 10.472 643 1 7015 91.67 
(x = 104.26) 3 10.472 5700 5600 101.79 
(s= 17.54) 4 10.486 6536 6798 96. 15 
5 10.480 6117 6381 95.86 
6 10.474 835 1 5996 139.28 
60% LP I 10.481 85 11 5192 163 .93 
2 10.487 9808 4193 233 .91 
(x = 206.90) 3 10.483 10010 4696 213.16 
(s=23.76) 4 10.485 8223 3948 208.28 
5 10.483 8521 4222 20 1.82 
6 10.486 9951 4517 220.30 
80% LP I 10.483 12247 1943 630.31 
2 10.485 1101 2 2522 436.64 
(x = 576.48) 3 10.484 10858 2293 473.53 
(,= 218.55) 4 10.485 14733 1995 738.50 
5 10.486 12134 4175 290.63 
6 10.489 11409 1283 889.24 
A2.8 La,:La.H20: Short Range Analysis - Unknowns 
Table A2.12 Raw PXD for three unknown samples of LJI:La.H,O material prepared using 
solvent mediated technigues and anal~sed using short range data collection 
LJI La.H,O Relative 
Angle Intensity Intensity Intensity Ln(Relative 
(020~ (Counts~ (Counts~ (L~'La,H!Ol(%~ I ntensi!l:~ 
Unknown I I 10.452 10602 3439 308.29 5.73 
2 10.449 11 456 3796 30 1.79 5.71 
3 10.451 9005 3861 233 .23 5.45 
Total 10.450 30860 10741 287.31 5.66 
Unknown 2 I 10.472 3701 12300 30.09 3.40 
2 10.451 2281 9456 24.12 3.18 
3 10.449 2347 824 1 28.48 3.35 
Total 10.462 8130 29646 27.42 3.3 1 
Unknown 3 I 10.446 27421 2172 1262.48 7.14 
2 10.440 24675 1889 1306.25 7.17 
3 10.433 19794 2095 944.82 6.85 
Total 10.466 7 1720 5819 1232 .51 7.12 
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A3.1 La,;La.H20; Long Range Analysis -10 
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Figure A3.1 PXD raw data collected for the ca libration samples of solid state preparation 
Las: La.H,O mixed phase materia l 
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Figure A3.2 PXD raw data collected for the ca libration sa mples of solid state preparation 
Las: La.H20 mixed phase materia l 
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AJ.2 La,:La.HzO: Short Range Analysis - 10 
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Figure A3.3 PXD raw data collected for the calibration sa mples of solid state preparation 
Las: La.H,O mixed phase material 
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Figure A3.4 PXD raw data collected for the calibration samples of solid sta te preparation 
Las:La.H20 mixed phase material 
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Figure A3.5 PXD raw data collected fo r the ca librat ion samples of solid state preparation 
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Figure A3.6 PXD raw data collected fo r the calibration sa mples of solid state preparation 
Lus:Lu.H,O mixed phase materia l 
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A4.1 La,:La.H20: Long Range Analysis - l e 
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Figure A4.1 Four point linear regression of I, for the long range analysis of solid state 
preparation of Lns:Ln.H,O mixed phase material 
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Figure A4.2 Four point linear regression of I , for the long range analysis of solvent 
preparation of Lns:Ln.H,O mixed phase material 
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A4.2 La,:La.H,O: Long Range Analysis - 10 
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Figure A4.3 Four point linear regression of I , for the long range analysis of solid state 
preparation of Las:La.H,O mixed phase material 
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Figure A4.S Nine point linear regression of I , for the long range analysis of solid state 
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A4.3 La,: La.H20 : Short Range Analysis · l e 
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Figure 4.7 Four point linear regression of I , for the short range, solid state preparation of 
Las:La.H, O mixed phase material 
6 y= 1.757x- 2.839 
5 • 
-- ... -
.' 
", 
", 
g -----
j 3 
2 1= Regression 95%CI 
S 0.271778 
R-Sq 95.8''10 
R-Sq(odj ) 93.7% 
3.0 3.2 3.4 3.6 3.8 4.0 4.2 4.4 
LnlLasl 
Figure A4.8 Four point linear regression of I , for the short range, solvent mediated 
preparation of Lus: La.H,O mixed phase material 
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A4.4 La,:La.H20 : Short Range Analysis - 10 
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Figure A4.9 Four poinllinear regression of I . for Ihe shorl ra nge, solid slale preparalion of 
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A4.S L~:La.H20: Long Range Analysis 
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A4.6 L~:La.H20: Short Range Analysis 
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Figure A4. 13 Four point linear regression of I, for the short range, solvent mediated 
preparation of LP:Lu.H,O mixed phase material 
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Figure A4. 14 Four point linear regression of I. for the short range, solvent med iated 
preparation of Lp:La.H,O mixed phase material 
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AS.l La,:La.H20 : Long Range Analysis 
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Figure AS.I Comparison of the exponential plot of I , and I , data for the long range, solid 
state preparation of Las: La. H20 mixed phase material 
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Figure AS.2 Comparison of the exponentia l plot of I , and I , data for the long range, so lvent 
mediated preparation of Las: La. H20 mixed phase material 
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AS.2 La,:La.H20: Short Range Analysis 
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Figure AS.3 Comparison of the exponential plot of 10 and I, data for the short range, solid 
state preparation of Las:La.H,O mixed phase material 
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Figure AS.4 Comparison of the exponential plot of 10 and I , data for the short range, solvent 
mediated preparation of Las: La.H,O mixed phase material 
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AS.3 Lp:La.H20 - Short Range Analysis 
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